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ABSTRACT 

. 

. 

* 

The IMP 2 s a t e l l i t e  was launched on October 4 ,  1964 wi th  apogee 

a t  15.9 RE near  t h e  Earth-Sun l i n e .  Tvo onboard m n o a x i a l  f l u x g a t e  

magnetometers measured magnetic f i e l d s  i n  i n t e r p l a n e t a r y  space,  t h e  

magnetosheath, and t h e  magnetosphere during the  t i m e  i n t e r v a l  between 

launch and A p r i l  7, 1965. Analysis  of over 325 hours of i n t e r p l a n e t a r y  

d a t a  d i s t r i b u t e d  throughout t h e  f i r s t  two months of ope ra t ion  revealed 

s t r u c t u r i n g  of the i n t e r p l a n e t a r y  r a g n e t i c  f i e l d  i n t o  fou r  r e c u r r i n g  

s e c t o r s  of  approxirnately equal  s i z e .  Average f i e l d s  w i t h i n  each s e c t o r  

were d i r e c t e d  e i t h e r  toward o r  away from the  sun nea r  t h e  t h e o r e t i c a l  

s p i r a l  angle.  High magnitudes and increased geomagnetic a c t i v i t y  tended 

t o  occur  e a r l y  i n  the  s e c t o r s  and lower f i e l d s  and q u i e t  condit: i o n s  a t  

t h e  end. F i e l d  d i r e c t i o n s  i n  t h e  magnetosheath were found t o  be 

h igh ly  dependent on t h e  s e c t o r  d i r e c t i o n .  Resu l t s  suggest t h a t  f i e l d s  

convected through t h e  bow shock f r o n t  undergo compression and an angle  

change a t  t he  shock and subsequent ly  tend t o  become a l igned  tangent  

t o  t h e  magnetopauss. Frequent ly  both t h e  shock f r o n t  a n d . t h e  magnetopause 

were observed t o  move back and f o r t h  p a s t  t he  s a t e l l i t e .  Comparisons 

w i t h  onboard plasma d e t e c t o r s  showed very good sgrcement i n  i d e n t i f y i n g  

t h e  magnetosheath. Several  passes  were no tab le  f o r  t h e  l a c k  of a c l e a r  

magnetopause i n  both plasma and f i e l d  d a t a ,  The average magnetic f i e l d  

topology i n  t h e  magnetosphere between approximately 9 and 16  XE i n  t h e  

dawn-to-midnight region was d e f i n i t i v e l y  mapped. 

s o l a r  wind d i s t o r t i o n  of  t h e  magnetosphere and the  gradual  formation of 

t h e  magnetic tciil i n  t h e  dawn-to-midnight region. 

R e s u l t s  demonstrate 



L INTRODUCTION 

. 

The Pi 2 o r  Explorer 21  s r a c e c r a f t  was launched from Cape Kennedy, 

F l o r i d a ,  a t  0345 BIT on October 4 ,  1964. The apogee a t  launch was i n  t h e  

sunward d i r e c t i o n  a t  a g e o c e n t r i c  d i s t a n c e  of 101,940 Km = 15.9 ( e a r t h  

r a d i i )  and t h e  p e r i g e e  w a s  197 Km above t h e  s u r f a c e  of t h e  e a r t h .  

I n i t i a l l y  t h e  o r b i t  was i n c l i n e d  t o  the geographic equa to r  a t  an ang le  

o f  33.5' and t h e  o r b i t a l  period was 34.9 hours.  The apogee w a s  5.6 RE 

below t h e  s o l a r  e c l i p t i c  plane a t  launch bu t  s i x  months l a te r  it had changed 

t o  3 below. The s p a c e c r a f t  w a s  sp in  s t a b l i l i z e d  wi th  an i n i t i a l  s p i n  

rate of 14.58 rpm which subsequent ly  increased t o  18 rpm due t o  s o l a r  

r a d i a t i o n  p r e s s u r e  a c t i n g  on t h e  s o l a r  paddles.  The s p i n  axis d i r e c t i o n  

i n  c e l e s t i a l  i n e r t i a l  coordinates  a t  launch was r i g h t  a scens ion  .I 41.4', 

d e c l i n a t i o n  47.4', and had changed t o  r ighc ascension = 76O, d e c l i n a t i o n  

= 22' nea r  t h e  end of t h e  product ive l i f e t i m e  on A p r i l  7 ,  1965. 

A malfunct ion i n  t h e  t h i r d  s t a g e  of t h e  launch v e h i c l e  w a s  r e s p o n s i b l e  

f o r  t hq  IMP 2 apogee being less than one-half t h e  intended va lue  and f o r  t h e  

s p i n  rate being w e l l  below t h e  23 rpm nominal value.  

d i r e c t i o n  w a s  78' removed from i t s  nominal yre-launch value,  which l ed  t o  

an  unusua l ly  wide range of i nc iden t  sun 

p a r t i a l  f a i l u r e  of t h e  silver-cadmium b a t t e r y  a f t e r  two months ope ra t ion .  

T h e r e a f t e r  power w a s  obtained d i r e c t l y  from t h e  solar paddles  and o p e r a t i o n  

was l i m i t e d  t o  times of f avorab le  sun aspect  angle  re la t ive t o  t h e  s p i n  

a x i s .  

A l s o ,  t h e  s p i n  axis 

ang les ,  causing ove rhea t ing  and a 

I n  f i g u r e  1, t h e  o r b i t  of IMP 2 is  shown p ro jec t ed  on t h e  s o l a r  e c l i p t i c  

p l ane  w i t h  t h e  sun toward t h e  l e f t .  As t he  e a r t h  p rogres ses  around t h e  sun, 

t h e  o r b i t  appears t o  move by 1.5O p e r  o r b i t  toward t h e  dawn meridian.  
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. 

During the t i r s t  40 o r b i t s  from October 4 t o  November 30, 1964 t h e  s p a c e c r a f t  

mapped the  e a r t h ' s  magnetopause and p e n e t r a t e d  through t h e  bow shock wave 

i n t o  t h e  i n t e r p l a n e t a r y  medium on almost every o r b i t .  During t h e  12 o r b i t s  

from November 31 t o  December 17, 1964 unfavorable  sun ang le s  and a f a i l i n g  

b a t t e r y  r e s u l t e d  i n  i n t e r m i t t a n t  ope ra t ion .  On December 18, du r ing  o r b i t  

53 t h e  sun angle  had changed so t h a t  n e a r l y  continuous o p e r a t i o n  wils aga in  

p o s s i b l e  u n t i l  o r b i t  89 i n  February 1965. During t h i s  i n t e r v a l  t h e  s p a c e c r a f t  

continued mapping t h e  magnetopause and making measureinents i n  t h e  

magnetosheath and t h e  magnetosphere. On Februzry 9 ,  1965, t h e  i n c i d e n t  

sun angle  again reached a va lue  such t h a t  s o l a r  paddle power was inadequate 

and ope ra t ion  became e r r a t i c  u n t i l  March 6 ,  1965. Useful  d a t a  was 

obtained from o r b i t s  107 through 128 bu t  a f t e r  A p r i l  7 ,  1965 only ve ry  

s h o r t  i n t e r v a l s  of d a t a  were obtained.  

O f f i c i a l l y  IMl? 2 was des igna ted  a f a i l u r e  because i t s  l o w  apogee 

precluded extended obse rva t ions  o f  t h e  i n t e r p l a n e t a r y  medium. I n  p r a c t i c e  

considerable data on magnetic f i e l d s  were ob ta ined  i n  t h e  

magnetosphere, t h e  magnetosheath and even f o r  a l imi t ed  t i m e  i n  i n t e r p l a n e t a r y  

space. 

f i e l d  experiment. 

This paper summarizes t h e  g e n e r a l  r e s u l t s  obtained by th?  magnetic 

Becauee of t h e  i n t e r m i t t e n t  o p e r a t i o n  and c o n t i n u a l l y  varying s p i n  

a x i s ,  an  ex tens ive  a n a l y s i s  has been performed on t h e  d a t a  obtained from 

t h e  magnetic f i e l d  experiment i n  o rde r  t o  v e r i f y  i ts  accuracy. 

d i scussed  i n  S e c t i o n s  2 and 3. Measurements of t he  magnetosheath and its 

boundaries are d i scussed  i n  s e c t i o n  4,and motion of bo th  of these 

boundaries is emphasized. 

a r e  presented i n  s e c t i o n  5,and t h e  s e c t o r  s t r u c t u r e  of t h e  i n t e r p l a n e t a r y  

T h i s  work is  

I n t e r p l a n e t a r y  magnetic f i e l d  measurements 



f i e l d  i s  d i scussed  and r e l a t e d  t o  o ther  s a t e l l i t e  measurements a t  

d i f f e r e n t  epochs. I n  s e c t i o n  6 t h e  topology of t h e  geomagnetic f i e l d  

i n  t h e  dawn-to-midnight region i s  presented. Reports  by Wolfe e t  a l .  

(1966) ,  Serbu and Maier (1966), Balasubrahmanyan e t  a l .  (1965) and 

Anderson (1965) have discussed l imi ted  r e s u l t s  obtained from o t h e r  

experiments on t h e  same s a t e l l i t e .  
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2 INSTXUMENTATION fi!3 .AVfiLYSIS 

Both t h e  instrumentat ion of t h e  magnetic f i e l d  experiment and t h e  s a t e l l i t e  

d a t a  t e l e m e t r y  format on IMP 2 are i d e n t i c a l  t o  t h a t  of IMP 1 flown one 

yea r  ear l ie r  (Ness e t  aLJ964). 

( h e r e a f t e r  r e f e r r e d  t o  as A and B) were mounted a t  the  e x t r e m i t i e s  of double 

s e c t i o n e d  fo ld ing  booms. These booms were e r e c t e d  a t  t h i r d  s t a g e  s e p a r a t i o n  

so t h a t  t he  sensors  were placed 2.1 meters from the  c e n t e r  of t h e  s p a c e c r a f t .  

Two monoaxial f l u x g a t e  magnetometers 

The sensors  make nominal angles  of 60' and 30' r e s p e c t i v e l y  w i t h  t h e  

s p a c e c r a f t  sp in  a x i s  and have dynamic ranges of approx ima te ly& 40 gammas. 

Magnetic f i e l d s  g r e a t e r  t han  40 g a m s  can be measured, depending on t h e  

ang le s  t h e  d e t e c t o r  and t h e  f i e l d  d i r e c t i o n  make w i t h  t h e  s p i n  axis. IMP 2 

a l s o  c a r r i e d  a rubidium vapor magnetometer w i th  a range of 3-5OOy. T h i s  

instrument  operated i n t e r m i t t e n t l y  because of poor s i g n a l - t o - n o i s e  r a t i o  

du r ing  e a r l y  o r b i t s  bu t  produced some u s e f u l  t o t a l  f i e l d  measurements l a t e r  

i n  t h e  f l i g h t .  

The te lemetry d a t a  format on IMP 2 is  based on a sampling cyc le  which r e p e a t s  

every 5.46 m i n u t e s .  During t h i s  i n t e r v a l  t h e  two f l u x g a t e  magnetometers are 

a l t e r n a t e l y  sampled cont inuously f o r  4.8 seconds a t  20.5 second i n t e r v a l s  

u n t i l  12 measurements have been obtained.  

i s  sampled continuously f o r  81.9 seconds b e f o r e  t h e  f l u x g a t e s  are aga in  

sampled a t  the  beginning of t h e  next  cycle .  

i s  t h e  s p i n  modulated output  of one of t h e  f l u x g a t e  senso r s .  

d a t a  i s  d i g i t i z e d  on t h e  ground wi th  ~ 0 . 4  gamma p r e c i s i o n  a t  i n t e r v a l s  

of 0.160 seconds. A t e n  gamma c a l i b r a t i o n  f i e l d  i s  added t o  t h e  ambient f i e l d  

Then t h e  rubidium vapor magnetometer 

Each 4.8 second d a t a  sample 

The t e l eme t ry  
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Gurtng the f i r s t  fou r  d a t a  p o i n t s  and the v e c t o r  f i e l d  inforiaation i s  

e x t r a c t e d  from the remaining 26 sample po in t s .  This  s p i n  modulated curve 

from 1N.P 1 WLS analyzed with numerical f i l t e r s  b u t  t h e  abnormally low 

s p i n  ra te  of LI.lP 2 made an a l t e r n a t e  approach necessary.  

The new m t h o d  chosen was t o  ob ta in  t h e  b e s t  f i t  s inuso id  t o  t h e  

26 d a t a  p o i n t s  by minimizing t h e  square of t h e  d e v i a t i o n s  of the assumed 

s i n e  wave from t h e  a c t u a l  curve. The spacec ra f t  s p i n  r s t e  i s  measured 

from t h e  onboard s o l a r  aspect  sensor, s o  t h e  parameters t o  be determined 

i n  t h e  least squares  f i t t i n g  are 

base l e v e l  C ,  

of the f i e l d  

D =  

and t h e  paasc @o. 

B p a r a l l e l  t o  t h e  

B * S  = BCOS COS 8 

-+ 

- + +  

-+ 

the  s inusoid amplitude A,  t he  zero 

The detected output  D i s  t h e  coiiiponent 

sensor S and may be w r i t t e n  as 

$; B s i n  CY s i n  0 cos ( w t  - $)=C+Acos(wt-@o) (1) 

+ 

where CY i s  t h e  angle  betwee B and t h e  sp in  a x i s ,  Jr  i s  t h e  aximuthal ang le  

of t he  f i e l d  r e l a t i v e  t o  t h e  s a t e l l i t e - s u n  v e c t o r ,  0 is  t h e  angle  

t h e  s e n s o r  makes w i t h  t h e  s p i n  axis, and w is  t h e  s p i n  frequency. 

The f i r s t  t e r m  i s  t h e  f i e l d  along t h e  s p i n  a x i s  p ro jec t ed  on t h e  

d e t e c t o r  and i s  independent o f  time. This t e r m  can be i d e n t i f i e d  as 

t h e  ze ro  l e v e l  of t h e  curve, so B cos CY = B// = c o d .  The second term i n  

equa t ion  1 is t h e  f i e l d  perpendicular  t o  t h e  s p i n  a x i s  p ro jec t ed  on t h e  

d e t e c t o r .  Th i s  term v a r i e s  with time as t h e  d e t e c t o r  s p i n s  and t h e  

c o e f f i c i e n t  of cos ( W t  - I)) may be equated t o  A ,  t h e  amplitude of t he  curve.  

C - 

A - 
Thus B s i n  ct = B, - s i n e  . The q u a n t i t i e s  B/, B, and + completely 

determined t h e  v e c t o r  f i e l d  i n  payload coordinates .  Ro ta t ion  i n t o  

more meaningful coord ina te  systems c a n  be accomplished w i t h  knowledge 

o f  t h e  s p i n  axis d i r e c t i o n .  

I 
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The accuracy of t he  vec to r  measurement determined by a s i n g l e  

sp inning  sensor  may be poor i f  t he  ambient f i e l d  f l u c t u a t e s  dur ing  

the  4.8 second sampling i n t e r v a l .  To check on t h e  q u a l i t y  of t he  f i t t e d  

cu rves ,  t h e  roo t  mean square d e v i a t i o n  of t h e  2 6  d a t a  p o i n t s  from t h e  

Least Squares curve was computed. A good f i t  t o  t h e  d a t a  p o i n t s  i s  then  

an i n d i c a t i o n  of  t h e  r e l a t i v e  unimportance of t h e  t i m e  v a r i a t i o n s  i n  t h e  

f i e l d .  

Figure 2 shows fou r  examples of  r a w  s p i n  modulated d a t a  wi th  computer 

determined b e s t  f i t  curves  and a s soc ia t ed  roo t  mean square  d e v i a t i o n s  

A .  The lower r i g h t  hand curve i l l u s t r a t e s  t y p i c a l  i n t e r p l a n e t a r y  d a t a ,  

t h e  v a l u e  of A = . 3  gamma being t y p i c a l  of i n t e r p l a n e t a r y  space .  I t  i s  

e s s e n t i a l l y  t h e  no i se  l e v e l  o f  t h e  instrument  due t o  t h e  +_ 0.4  gamma 

d i g i t i z a t i o n  of t he  d a t a  process ing  procedure.  The t h r e e  remaining 

pane l s  i n  F igure  2 i l l u s t r a t e  d a t a  from the  magnetosheath. The upper r i g h t  

hand curve wi th  A = 0.6 is  r e p r e s e n t a t i v e  of  a r e l a t i v e l y  good f i t  i n  t he  

magnetosheath while  t h e  remaining two curves  wi th  A = 1 . 6  and 1.5 gammas 

are r e l a t i v e l y  poor f i t s .  T h i s  parameter A is  e s s e n t i a l l y  a measure of  

f i e l d  f l u c t u a t i o n s  wi th  pe r iods  less than  4 seconds and has  proven ve ry  

u s e f u l  i n  the  d a t a  a n a l y s i s ,  p a r t i c u l a r l y  i n  d e f i n i n g  t h e  e a r t h ' s  bow 

shock f ron t .  

A s  a check on t h e  accuracy of  t h e  v e c t o r  measurements of  t h e  monoaxial 

An example of  t h i s  w i l l  be  presented  i n  s e c t i o n  4 .  

sp inning  magnetometers, t h e  q u a n t i t y  w a s  i n v e s t i g a t e d  i n  t h e  magnetosheath 
B 
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and i n  i n t e r p l a n e t c r y  s p x c  during the f i r s t  40 o r b i t s .  Large v a l u e s  

(>0.5) of thi:, quztntity i n d i c a t e  s i g n i f i c a n t  d i s t o r t i o n  of t h e  assumed 

s inuso id  and p o s s i b l y  inaccura t e  vector  mcesurements , , I h i l e  s m a l l  va lues  

i n d i c a t e  r e l i a b l e  measurements. Resul ts  showed an average va lue  of 

A/E =0.1? i n  t h e  mannetosheath and b/B ~0.09 i n  i n t e r p l a n e t a r y  spece 

during t h e  f i r s t  40 o r b i t s .  The l a r g e s t  o r b i t  average w a s  0.20 f o r  the 

magnetosheath and 0.17 for i n t e r p l a n e t a r y  space w i t h  t h e  smill lest  o r b i t  

average being 0.05 f o r  bo th  magnetosheath and i n t e r p l a n e t a r y .  On a l l  

bu t  f i v e  o r b i t s  more t h a n  h a l f  t h e  ind iv idua l  measurements i n  t h e  

magnetosheath have 4 less than  0.1. On a l l  but  one of t h e s e  o r b i t s  
B 

t h r e e  q u a r t e r s  of t h e  measurements had & c0.2. The q u a n t i t y  4 i n  
B B 

i n t e r p l a n e t a r y  space i s  sma l i e r  &an in tfie magnetosheath i n  s p i t e  of t he  

s m a l l e r a v a l u e s .  I n  the  ragnetosphere was n c t  c a l c u l a t e d  bu t  would 

be cons ide rab ly  sma l l e r  t h i n  the magnetosheath, s i n c e  A 
B 

tends t o  be 

sma l l e r  and B l a r g e r .  

These ve ry  sriiall va lues  of A dcnonstrate  t h a t  t h e  accuracy of t9c. 
B 

monoaxial spinning f l u x g a t e  rnagnctomcter i s  not s e r i o u s l y  impaired even 

by t h e  " turbulent"  f i e l d s  of t h e  magnetosheath. It should be noted t h a t  t h e  

va lues  of vhere A i s  c a l c u l a t e d  from 4 . 8  seconds of d a t a  is considerebly 

smaller than  t h e  q u a n t i t y  6& previously r epor t ed  (Ness e t  a l ,  1964) 

where bX i s  c a l c u l a t e d  from t h e  1L vector  samples c a l c u l a t e d  every 

B 

B 

5.46 minutes.  I n t e r p r e t a t i o n  o f  t h i s  resuiL i n  t h e  con tex t  of  t h e  

kequency spectrum of t he  rncynctic f l u c t u a t i o n s  l e a d s  t o  the  conclusion 

t h a t  t h e r e  i s  s i g n i f i c a n t l y  more energy i n  t h e  f l u c t u a t i o n s  v i t h  s c r i o d s  

of minutes than i n  f l u c t u a t i o n s  v i t h  pe r iods  of  seconds. 



- 8 -  

112 2 UAZk L C U ~ L T I ~ N S  

I n i t i a l  i n spec t ion  c f  t h e  DiP 2 d a t a  i n  payload coord ina te s  revealed 

d i sc repsnc ie s  i n  t1.e x Ector f i e l d s  measured by t h e  two f l u q a t c s .  

d i sc repanc ie s  may be r e l a t e d  t o  t h e  t h i r d  s t a g e  m i s f i r e  and subsequent 

mechanical and e l e c t r i c a l  s t r e s s e s .  Three types of c o r r e c t i o n s  necessary 

t o  b r ing  the d a t a  i n t o  agreement are desc r ibed  i n  t h i s  s e c t i o n .  An 

e s t ima te  of t h e  p o s s i b l e  u n c e r t a i n t i e s  i n  the  co r rec t ed  f i e l d s  i s  made af ter  

an i n v e s t i g a t i o n  of t h e  maxiiiwm magnitude of t h e  c o r r e c t i o n s  and t h e i r  

u n c e r t a i n t i e s .  

Thcse 

The most obvious of t h e  d i s c r e p a n c i e s  between t h e  f l u x g a t e s  was a 

d i f f e r e n c e  of  approximately 1 9  i n  t h e  component p a r a l l e l  t o  t h e  s p i n  

axis. This  e f f e c t  can be a t t r i b u t e d  t o  erroneous p r e - f l i g h t  c a l i b r a t i o n ,  

instrumental  d r i f t  i n  t h e  sensor  zero l e v e l s ,  and/or  s p a c e c r a f t  magnetic 

f i e l d .  Fu r the r  i n s p e c t i o n  of t h e  d a t z  revealed a d i f f e r e n c e  i n  t h e  

perpendicular  f i e l d  components irieasured by t h e  two f l u x g a t e s .  Th i s  

d i f f e r e n c e  va r i ed  wi th  magnitude and was accompanied by a somewhat 

smaller magnitude-dependent d i f f e r e n c e  i n  t h e  paral le l  components 

superposed on t h e  1% o f f s e t  mentioned above. 

d i f f e r e n c e s  cannot be due t o  a zero o f f s e t , a n d  and t h e r e f o r e  have been 

i n t e r p r e t e d  as misalignment of t h e  s p i n  ax i s - senso r  angle  0 which 

could be due t o  incomplete o r  improper boom ex tens ion .  

These magnitude dependent 

To ob ta in  d e t a i l e d  information on t h e  magnitudes s f  t h e s e  d i s c r e p a n c i e s  

and t h e i r  v a r i a t i o n s  throughout t h e  s p a c e c r a f t  l i f e t i m e ,  t e n  minute averages 

of t h e  perpendicular  and p a r a l l e l  components w e r e  computed independently f o r  

each f luxgate .  

were processed on approximately one-third of a l l  t h e  o r b i t s .  

i n d i c a t e d  t h a t  the perpendicular  components d i f f e r e d  by 15 5 2 pe rcen t  

Q u i e t  f i e l d  i n t e r v a l s ,  g e n e r a l l y  of s e v e r a l  hours l enk th ,  

These r e s u l t s  
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from each e t h e r  a t  t h e  beginning of the l i f e t i m e ,  i j i t h  d i f t e r e n c e s  

d e c r e a s i %  t o  5 2 2 Percent  near the end of t h e  l i f e t i m e .  

magnitude independent p a r t  of t h e  p a r a l l e l  component d i f f e r e n c e  was found 

t o  be 9y s h o r t l y  a f t e r  launch, with an inc rease  t o  l l y  near  o r b i t  70 and 

a dec rease  t o  9y l a t e  i n  the l i f e t i m e .  The p r e c i s i o n  o f h e s e  c o r r e c t i o n s  is 

est imated as* i n  t h e  q u i e t  i n t e r p l a n e t a r y  and magnetosphere f i e l d s  and 

+&in  t h e  n o i s i e r  f i e l d s  near  t he  middle of t h e  l i f e t i m e .  The magnitude 

dependent p a r t  of t h e  

a f t e r  launch and nea r  ze ro  late i n  t h e  l i f e t i m e .  

The 

p a r a l l e l  d i f f e r e n c e s  are 10 2 3 pe rcen t  s h o r t l y  

A t h i r d  c o r r e c t i o n  w a s  based on a check of t h e  on-board c a l i b r a t i o n  

:ield. During t h e  f i r s t  40 o r b i t s  t h i s  f i e l d  was found t o  b e  w i t h i n  0 . 2 ~  

of i t s  nominal 1% v a l u e  f o r  each f luxgate .  

t h e  s a t e l l i t e ,  f l u x g a t e  A c a l i b r a t i o n  increased g r a d u a l l y  t o  112 .1y 

and f l u x g a t e  B i nc reased  t o  10.5 . ly .  I n  accord wi th  t h i s  information 

t h e  t o t a l  f i e l d  magnitudes f o r  f luxga te s  A and B were reduced by a maximum 

of  10 and 5 pe rcen t  r e s p e c t i v e l y  depending on t h e  p a r t i c u l a r  o r b i t .  

A f t e r  t h e  f i r s t  turn-off  of 

The a p p l i c a t i o n  of t h e  zero o f f s e t  c o r r e c t i o n  w a s  no t  as s t r a i g h t -  

forward as t h e  s e n s i t i v i t y  co r rec t ion ,  s i n c e  it was not  known unambiguously 

which o f  t h e  two f l u x g a t e s  was i n  e r r o r  o r  i f  both were i n  e r r o r .  

tomediately obvious,  however, most 

a t t r i b u t e d  to - f lwcga te  A i n  o rde r  t h a t  t h e  i n t e r p l a n e t a r y  f i e l d s  

(.known to have t y p i c a l  magnitudes o f  f i v e  gauunas and t o  v a r y  apprec i ab ly  

It  was 

Of t h e  19 e r r o r  had t o  be 

i n  d i r e c t i o n  over  long t i m e  i n t e r v a l s )  not  have i n o r d i n a t e l y  h igh  v a l u e s  

and always p o i n t  g e n e r a l l y  along t h e  sp in  axis. 

o f f s e t  was i n  f l u x g a t e  A was obtained by sampling t h e  para l le l  f i e l d  com- 

ponents randomly throughout t h e  f i r s t  24 o r b i t s .  The averag; f o r  f l u x g a t e  

Fur the r  evidence t h a t  t h e  



- 10 - 
A was 9 . 0 ~  whi le  t h e  average f o r  B WAS -.ly. 

average a r e  known t o  have a s m a l l  component pe rpend icu la r  t o  t h e  e c l i p t i c  

plane (Ness and Wilcox, 1964) and t h e  s p i n  a x i s  s f  IMP-2 w a s  roughly 

perpendicular  t o  t h e  e c l i p t i c  plane e a r l y  i n  t h e  l i f e t i m e .  

average p a r a l l e l  component near  ze ro  might be expected. 

evidence the  e n t i r e  d i f f e r e n c e  was a t t r i b u t e d  t o  f l u x g a t e  A dur ing  t h e  f i r s t  

89 o r b i t s  and t h e  appropr i a t e  c o r r e c t i o n  w a s  appl ied.  

t u rn -o f f  period i n  o r b i t  89 an a d d i t i o n a l  t h r e e  gammas w a s  s u b t r a c t e d  

from each f l u x g a t e  t o  impreve t h e  agreement w i t h  the  Rubidium vapor 

magnetometer reasurements of t h e  s t eady  f i e l d s  of t h e  t a i l  region. 

a d d i t i o n a l  e r r o r  m y  be due e i t h e r  t o  in s t rumen ta l  d r i f t  o r  analog 

o s c i l l a t o r  d r i f t .  

I n t e r p l a n e t a r y  f i e l d s  on t h e  

The re fo re ,  an 

On t h e  b a s i s  of t h i s  

A f t e r  t h e  s p a c e c r a f t  

T h i s  

A d i f f e r e n t  type of c o r r e c t i o n  has been a p p l i e d  t o  remove t h e  ruagnitude- 

dependent discrepancy between t h e  two f l u x g a t e s .  

form cjf a m o d i f i c a t i o n t o t h e  SPfn a x i s - d e t e c t o r  ang le  8 which changes t h e  

r ' ie ld  i n  accord w i t h  t h e  e q u a t i o i x  i n  t h e  p rev ious  s e c t i o n .  Once t h e  

d i f f e r e n c e 6  between the f l u x g a t e s  have been determined, t h e  0 ' s  r equ i r ed  t o  

make t h e  f l u x g a t e s  agree are uniquely determined. 

from 63O t e  66' f o r  f l u x g a t e  A (nominal v a l u e  60°) and 34O t o  38' Lor  f lux -  

g a t e  B (nominal va lue  30'). 

T h i s  c o r r e c t i o n  t akes  the 

These co r rec t ed  0 ' s  range 

During t h e  l a t te r  h a l f  of t h e  IE.Ip 2 l i f e t i m e ,  t h e  s p a c e c r a f t  t r a v e r s e d  

the  dzwn-to-mignight p o r t i o n  of  t h e  magnetosphere where t h e  f i e l d s  are 

below t h c  f luxga te  s a t u r a t i o n  l e v e l  and a l s o  tend t o  be ve ry  s i eady .  

t k s e  regions, 

v ZPOT ruagiietotieter f o r  couparison w i t h  t h e  fluxgc.te measurements. 

cot l jar isons show that t h e  c a r r e c t i o n s  a p p l i e d  t o  t h e  f l u x g a t e  d a t a  i w r o v e  

I n  

t o t a l  f i e l d  masurements  were a v s i l a b l c  from t h e  rubidium 

These 



t h e  agreement between t h z  two instruments ,  y e t  d i f f e r e n c e s  of up t o  3 or 

4 gammas i n  f i e l d s  of 40 g-s s t i l l  e x i s t .  Therefore ,  i t  appears 

t h a t  d e s p i t e  t h e  f a c t  t h a t  t h e  two f luxga te s  can be brought i n t o  ve ry  good 

agreement w i t h  one ano the r ,  t h e  absolute  v a l u e s  of magnitude and d i r e c t i o n  

may be i n  e r r o r .  An upper l i m i t  on the magnitude of t hese  e r r o r s  can be 

e s t ima ted  a f t e r  i n v e s t i g a t i n g  t h e  magnitude of t h e  c o r r e c t i o n s  and t h e i r  

probable  u n c e r t a i n t i e s .  

The most s t r a igh t fo rward  c o r r e c t i o n  i s  t h a t  a r i s i n g  from t h e  on-board 

s e n s i t i v i t y  check. 

o r b i t s , a n d  later was a maximum of t e n  pe rcen t  of t h e  t o t a l  f i e l d  € o r  

f l u x g a t e  A and 5 percen t  f o r  f l u x g a t e  B. 

d u c t i o n  i n  t o t a l  magnitude,which does not  a l t e r  t h e  f i c l d  d i r e c t i o n .  

This  c o r r e c t i o n  was not  necessary du r ing  t h e  f i r s t  40 

T h i s  c o r r e c t i o n  i s  a simple re- 

The angular  (e) c o r r e c t i o n  a f f e c t s  t h e  p a r a l l e l  and 2erpendicular  

components by d i f f e r e n t  amounts and hence a f f e c t s  the f i e l d  d i r e c t i o n  as 

w e l l  as t h e  t o t a l  magnitude. The maximum change i n  magnitude due t o  angular  

c o r r e c t i o n s  i s  a 22% i n c r e a s e  i n  f luxga te  A f i e l d  magnitude when t h e  f i e l d  

i s  pe rpend icu la r  t o  t h e  s p i n  a x i s .  The l a r g e s t  change i n  d i r e c t i o n  due t o  

t h i s  t ype  Correct ion is about 8 O  and occurs when t h e  f i e l d  makes an angle  

nea r  4 5 O  wi th  t h e  s p i n  axis. 

The e f f e c t  of t h e  p a r a l l e l  o f f s e t  c o r r e c t i o n  w i l l  depend s t r o n g l y  on 

t h e  t o t a l  magnitude of t h e  f i e l d .  For weak ambient f i e l d s  s u b t r a c t i o n  of 

a cons t an t  p a r a l l e l  o f f s e t  may dominate the  ambient f i e l d  and cause ve ry  

l a r g e  ang le  changes. O n  t h e  b a s i s  of t h e  weak f i e l d  interplanet .ary mea- 

surements e a r l y  i n  t h e  l i f e t i m e  and the Rubidium vapor magnetometer com- 

p a r i s o n s  l a te r  i n  t h e  l i f e t i m e ,  i t  i s  c l e a r  t h a t  t h e  u n c e r t a i n t y  i n  t h e  
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paral le l  o f f s e t  i 8  l e s s  than  t h e  10-12y c o r r e c t i o n  t h a t  was made. 

s e r v a t i v e  e s t ima te  t o  t h e  u n c e r t a i n t y  of t h i s  c o r r e c t i o n  may be t aken  as 

~ 3 y .  

l i k e  kly. F i e l d s  less than  lOy are seldom measured by IMP-2 dur ing  t h e  

later per iod when t h e  s p a c e c r a f t  is in t h e  magnetosheath and t h e  magneto- 

cphere.  

component can preduce a 30% change i n  magnitude when t h e  f i e l d  is p a r a l l e l  

t o  t h e  spin axio and an 18' change in angle when t h e  f i e l d  is n e a r l y  per -  

pendicular  t o  t h e  s p i n  axis. 

A con- 

During e a r l y  o r b i t s  i n  i n t e r p l a n e t a r y  space t h i s  u n c e r t a i n t y  is -re 

For t h i s  t e n  gamma f i e l d  a t h r e e  gamma change in t h e  p a r a l l e l  

It should be  emphasized t h a t  t h e  c o r r e c t i o n s  d iscussed  above a r e  

g e n e r a l l y  t h e  l a r g e s t  c o r r e c t i o n s  t h a t  were appl ied  t o  t h e  d a t a  under f i e l d  

condi t ions  t h a t  maximize t h e  magnitude of t h e  c o r r e c t i o n .  

throughout t h e  l i f e t i m e  t h e  maximum c o r r e c t i o n s  made a r e  not  t h i s  large.  It 

i s  not poss ib l e  t o  e s t ima te  t h e  u n c e r t a i n t i e s  i n  t h e s e  c o r r e c t i o n s  and 

a r r i v e  a t  s p e c i f i c  f ixed  l i m i t s  on t h e  abso lu te  accuracy of DLP-2 

ments. 

n i t u d e s  may be taken a s  10% except i n  smll f i e l d s  (< 10 gammas) where i t  

may be somewhat l a r g e r .  

unce r t a in ty  is k 8 O ,  except i n  t h e  ve ry  smal l  f i e l d s  when i t  is somewhat 

l a r g e r .  

A t  many pe r iods  

measure- 

The b e s t  conserva t ive  e s t ima te  on t h e  accuracy of t h e  abso lu te  mag- 

For  t h e  abso lu te  va lue  of t h e  f i e l d  d i r e c t i o n  t h e  
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SECTION 4. THE MAGNETOSHEATH AND ITS BOUNDARIES 

The magnetosheath of t h e  e a r t h ,  where shock-dis turbed s o l a r  plasma 

flows around the  magnetosphere, has  been t r ave r sed  by numerous s a t e l l i t e s  

i n  r e c e n t  years .  

t h e  inne r  boundary of t h i s  reg ion ,  the uagnetopause, and t h e  o u t e r  boundary, 

t h e  c o l l i s i o n l e s s  shock f r o n t ,  have been mapped near  t h e  s o l a r  e c l i p t i c  

e q u a t o r i a l  p lane  f o r  a wide range of l o c a l  times and s o l a r  cond i t ions .  

(See Review by Ness, 1966). The average p o s i t i o n s  of 

Th i s  s e c t i o n  p r e s e n t s  r e s u l t s  of measurements made by t h e  IMP-2 

i n  t h i s  reg ion .  

s a t e l l i t e  

~ 

F i g u r e  3 i l l u s t r a t e s  t h e  r e s u l t s  of o r b i t  4 i n  a f o r u  similar t o  t h a t  

used by Ness e t  al. (1964) on W 1. 

measurements made over  an i n t e r v a l  of 5.46 minutes. 

Each p o i n t  is t h e  average of 12 

The f i e l d s  a r e  g iven  i n  

terms of t h e  magnitude, F, and l a t i t u d e  and longi tude  angles  8 and $I i n  a 

solar e c l i p t i c  coord ina te  system. l 
Therms d e v i a t i o n s  of t h e  12  measurements a long 

each axis has  been computed,although only 6X is shown as r e p r e s e n t a t i v e  

of t he  t h r e e  axes. 

A t  t h e  bottom of f i g u r e  3 a r e  negat ive cu r ren t  va lues  froai t h e  plasma 

d e t e c t o r  of G. P. Serbu of GSFC on board t h e  same s p a c e c r a f t .  Th i s  r e t a r d i n g  

p o t e n t i a l  plasma ana lyzer  a l t e r n a t e l y  sweeps t h e  ranges +.5 t o  f 15 and 

-i- 5 t o  2 45 v o l t s  and has been descr ibed elsewhere (Serbu and Maier ,  1966). 

Only n e t  nega t ive  c u r r e n t s  a r e  shown here and the  va lues  ( i n  amperes) are t h e  

- 
- 

approximately cons tan t  va lues  obta ined  when t h e  r e t a r d i n g  p o t e n t i a l  i s  

more nega t ive  than  -5 v o l t s .  

f o r  t h e  -5 t o  -45 v o l t  range and open c i r c l e s  

The open circles computed f o r  t h e  more l imi ted  range have been used only 

The s o l i d  c i r c l e s  des igna te  v a l u e s  computed 
I 
I f o r  t h e  -5 t o  -15 v o l t  range. 

when t h e  g r e a t e r  range measurements were unavai lab le .  
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Figure 3 covers  the  i n t e r v a l  beginning when IMP-2 is outbound Lrom 

i n s i d e  the  magnetosphere and te rmina t ing  w i t h  the  s p a c e c r a f t  aga in  i n s i d e  

t h e  magnetosphere on the  inbound pass .  A r e a d i l y  i d e n t i f i e d  magnetopause 

c ros s ing  i s  ev ident  a t  10.5 R E ,  where a l l  t h e  f i e l d  q u a n t i t i e s  e x h i b i t  d i s -  

cont inuous changes. The e l e c t r o n  c u r r e n t  a l s o  rises near  t h e  magnetopause 

and remains h igh  u n t i l  t h e  s p a c e c r a f t  approaches t h e  shock f r o n t  a t  2115 

on October 8 ,  1964. A f t e r  an i n t e r v a l  of  low f i e l d  magnitude, RMS d e v i a t i o n  

and negat ive c u r r e n t  t y p i c a l  of i n t e r p l a n e t a r y  space ,  t he  f i e l d  magnitude 

e x h i b i t s  another i nc rease  a t  0035 on October 9 .  During t h e  fol lowing hour ,  

t h e  f i e l d  magnitude and e l e c t r o n  c u r r e n t  show va lues  t y p i c a l  of t he  magneto- 

shea th  but b X ,  a s  we l l  a s  the  parameter A ( n o t  shown), have unusual ly  

small values .  

Two i n t e r p r e t a t i o n s  of  t h i s  event  are poss ib l e .  One is  t h a t  t h e  

shock f r o n t  has moved ou t  p a s t  t he  s a t e l l i t e  a t  0035 wi th  t h e  outbound 

s a t e l l i t e  over tak ing  t h e  shock a t  0140. The second i s  t h a t  incoming 

s o l a r  wind wi th  enhanced f i e l d  and plasma has  passed by the  s a t e l l i t e  a t  

t h i s  t i m e .  The former explana t ion  appears  most p l ausab le  s i n c e  similar 

even t s  are f r equen t ly  observed near  t h e  shock f r o n t  on IMP-2 whereas t h e s e  

types of  events  have not  been observed on s a t e l l i t e s  such as IMP-1 f a r  from 

t h e  shock f r o n t .  The low l e v e l  of f i e l d  d i s t u r b a n c e  a t  t h i s  t i m e  i s  unusual 

f o r  t h e  magnetosheath, bu t  o t h e r  pe r iods  i n  t h e  magnetosheath almost as q u i e t  

have been observed. Observat ions of  motion of  t h e  shock have a l s o  been 

r epor t ed  by Holzer e t  a l .  (1966) and Bridge e t  a l .  (1964). 

Continuing inbound t h e  s a t e l l i t e  encounters  another  shock c r o s s i n g  near 

-15 RE followed by t h e  magnetopause c r o s s i n g  j u s t  o u t s i d e  12 RE.  It 

should be noted t h a t  t h e  inbound c ross ings  a r e  about 2 KE f u r t h e r  ou t  than  

t h e  outbound c r o s s i n g s  i n  s p i t e  of  t h e  f a c t  t h a t  inbound c r o s s i n g s  a r e  
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I .  

s l i g h t l y  nea re r  t h e  ear th-sun  l i n e  where they would normally be expected 

t o  be c l o s e r .  Th i s  shows t h a t  boundaries may move apprec iab ly  over  a 

t ime i n t e r v a l  of s e v e r a l  hours .  

importance of the motion of boundaries  on s h o r t e r  t ime s c a l e s .  

Subsequent f i g u r e s  w i l l  emphasize t h e  

F igure  4 p r e s e n t s  t h e  d a t a  f o r  o r b i t  22 on November 3-4, 1964. Again 

dur ing  o r b i t  22 t h e r e  is a high f i e l d  region near  apogee which d i s p l a y s  

a l l  t h e  c h a r a c t e r i s t i c s  of t h e  magnetosheath. Th i s  is almost c e r t a i n l y  a 

case of t h e  shock moving out  p a s t  t h e  spacec ra f t  and ittunersing t h e  space- 

c r a f t  i n  t h e  magnetosheath. 

f i e l d  magnitude and e l e c t r o n  cu r ren t  d i sp l ay  t y p i c a l  magnetosheath va lues .  

The 6X v a l u e s  i n  t h i s  f i g u r e  a l s o  i l l u s t r a t e  t h e  v a r i o u s  l e v e l s  of  f i e l d  

v a r i a b i l i t v  which a r e  c h a r a c t e r i s t i c  of t h e  magnetosheath. 

magnetosheath d a t a  from t h e  outbound pass is  r e l a t i v e l y  q u i e t  whi le  on t h e  

inbound pass  t h e  magnetosheath is considerably more t u r b u l e n t .  

On t h i s  o r b i t  t h e r m s  d e v i a t i o n s  6X as w e l l  as the 

On t h i s  o r b i t  

The t ime i n t e r v a l  0000 t o  0600 on November 4 i n  f i g u r e  4 is  shown on 

an expanded time s c a l e  i n  f i g u r e  5. Here t h e  f i e l d  magnitude F and t h e  

parameter  A (See s e c t i o n  2) a r e  presented f o r  each 4.8 second measurement. 

Four ve ry  sharp  shock crossings are evident  and l a b e l l e d .  

0215 are probably a l s o  a s soc ia t ed  w i t h  t h e  shock. 

n i tude  and parameter A change from low i n t e r p l a n e t a r y  va lues  t o  h igh  mag- 

ne toshea th  v a l u e s  from one ind iv idua l  measurement t o  t h e  next .  A t  o t h e r  

times such  as SW1 

f o r  s e v e r a l  measurements. 

i n t e r p l a n e t a r y  space be fo re  t h e  magnitude inc reases  i n  i ts  t y p i c a l l y  abrupt  

manner. 

f l u c t u a t i o n s  o u t s i d e  t h e  shock reported by Heppner (1965) s i n c e  A measures 

A few p o i n t s  a t  

A t  t i m e s  t h e  f i e l d  mag- 

i n  i i g u r e  5 the magnitude may change monotonical ly  

A t  s t i l l  o ther  times A may i n c r e a s e  s l i g h t l y  i n  

This  l a t te r  phenomena is equiva len t  t o  t h e  d e t e c t i o n  of r a p i d  
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t h e  h igh  frequency end of t h e  spectrum. 

the low-field-magnitude i n t e r p l a n e t a r y  r eg ion  and d e f i n e s  t h e  shock as t h e  

reg ion  of t r a n s i t i o n  from undis turbed i n t e r p l a n e t a r y  cond i t ions  t o  h igher  

f i e l d  magnetosheath condi t ions ,  t h e  t r a n s i t i o n  can be s a i d  t o  u s u a l l y  occur 

over  a t i m e  h t e r v a l  of less than 60 seconds. Often t h e  t r a n s i t i o n  c l e a r l y  

occurs  between measurements separa ted  by 20.5 seconds. Less f r e q u e n t l y  t h e  

v a r i a t i o n s  i n  t h e  i n t e r p l a n e t a r y  medium become g r e a t e r  be fo re  t h e  magnitude 

S ince  t h e  s p a c e c r a f t  

1 km/sec., t h e  unknown v e l o c i t y  

If one n e g l e c t s  t h e s e  waves i n  

inc reases  and t h e  shock becomes less c l e a r l y  def ined .  

i s  t r a v e l i n g  a t  a v e l o c i t y  of less than  

of t he  shock f r o n t  is undoubtedly t h e  most important f a c t o r  i n  conver t ing  

these  t r a n s i t i o n s  times t o  shock th icknesses .  De ta i l ed  comparison w i t h  

shock pos i t i ons  i d e n t i f i e d  by t h e  MIT plasma experiment (Binsack 1966) are 

i n  exce l l en t  agreement wi th  t h e  magnetic f i e l d  shock i d e n t i f i c a t i o n s .  On 

a l l  o r b i t s  compared, t h e  f i r s t  app rec i ab le  d e v i a t i o n  from i n t e r p l a n e t a r y  

condi t ions  corresponded t o  t r a n s i t i o n  from d i r e c t i o n a l  i n t e r p l a n e t a r y  flow 

t o  a o r e  i s o t r o p i c  magnetosheath condi t ions .  

Returning t o  F igure  4 it is of i n t e r e s t  t o  examine t h e  magnetopause 

i n  more d e t a i l .  The outbound and inbound magnetopause c ros s ings  have been 

marked j u s t  ou t s ide  13RE and i n s i d e  l l R E  r e s p e c t i v e l y  but  t h i s  is an ever-  

s impl i f i ca t ion .  On t h e  outbound pass  a d e t a i l e d  s tudy  shows t h a t  about 15 

minutes after t h e  c ros s ing  marked on f i g u r e  4 t h e  magnetopause over takes  

t h e  outbound spacec ra f t  so t h a t  t h e  s p a c e c r a f t  spends about 5 minutes i n  

t h e  magnetosphere before  aga in  o v r r t a k i n g  t h e  magnetopause. 

pass  the re  a r e  s e v e r a l  m u l t i p l e  boundary c ros s ings  which are r a t h e r  obscured 

i n  t h e  5 minute averages of f i g u r e  4 .  

On t h e  inbound 
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This  boundary motion phenomena i s  b e t t e r  i l l u s t r a t e d  i n  f i gu re  6 

which shows the  ind iv idua l  4.8 second measurements dur ing  the  inbound pass 

of  o r b i t  28.  The dashed l i n e  represents  the  t h e o r e t i c a l  f i e l d  determined 

from the  Finch and Leaton (1955) c o e f f i c i e n t s  and i t s  presence corresponds 

t o  pe r iods  when t h e  spacec ra f t  i s  wi th in  the  magnetosphere. Both expe r i -  

mental  and t h e o r e t i c a l  f i e l d s  a r e  given i n  a coord ina te  system def ined  

here  a s  s o l a r  magnetic. The Z a x i s  po in ts  a long the  d ipo le  a x i s ,  the  

X a x i s  l i e s  i n  the  plane formed by the  2 a x i s  and t h e  ear th-sun  l i n e ,  and 

the  Y a x i s  completes the  right-handed or thogonal  system. When the  space- 

c r a f t  i s  w i t h i n  t h e  magnetosphere the  measured f i e l d  s t r e n g t h  i s  approxi-  

mately twice the  t h e o r e t i c a l  f i e l d  while t he  observed angles  d i f f e r  from 

the  t h e o r e t i c a l  va lues  i n  a manner which corresponds t o  enhanced compression 

near  t h e  e q u a t o r i a l  plane and t w i s t i n g  of the f i e l d  ou t  of the  meridian 

p lane .  (See s e c t i o n  6 fo r  f u r t h e r  d i scuss ion  of the  magnetospheric topo- 

logy) .  Af t e r  t h e  i n i t i a l  magnetopause c r o s s i n g  a t  0805 four  d i f f e r e n t  

i n t e r v a l s  a r e  apparent  when the  spacec ra f t  r e t u r n s  t o  condi t ions  s i m i l a r  

t o  those  experienced before  the  i n i t i a l  magnetopause c ros s ing .  A t y p i c a l  

magnetopause c ros s ing  occurs  on a time s c a l e  of one minute and i s  probably 

somewhat longer than t h e  t y p i c a l  shock c ross ing .  This i s  i n  agreement wi th  

t h e  r e s u l t s  o f  C a h i l l  and Amazeen (1963) where b e t t e r  t i m e  r e so lx t ion  per-  

m i t s  t h e  s tudy of t hese  phenomena more c l e a r l y .  

F igure  7 i l l u s t r a t i n g  o r b i t  19 shows c l e a r  magnetopause c ros s ings  

near  12 RE both outbound and inbound. 

t e r p l a n e t a r y  measurements are encountered on the  inbound por t ion  of t h i s  

o r b i t .  Addi t iona l  s h o r t e r  i n t e r v a l s  of i n t e r p l a n e t a r y  f i e l d  (not marked) 

can be e a s i l y  d iscerned  from d e t a i l e d  p l o t s  and a r e  found t o  occur near  

2015, 2100, 0255, 0315, 0430, and 0510. 

Almost four  continuous hour s -o f  i n -  
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Figures  8 i l l u s t r a t e s  o r b i t  8 and i s  of  s p e c i a l  i n t e r e s t  because of 

t he  outbound t r a v e r s a l  through the  magnetopause. On t h i s  o r b i t  t he re  i s  

no c l e a r  d i s c o n t i n u i t y  i n  e i t h e r  f i e l d  magnitude, d i r e c t i o n  o r  e l e c t r o n  

c u r r e n t .  This has  been observed t o  occur on occas iona l  o r b i t s  and t h e  

l ack  of  a c l e a r  magnetopause i n  t h e  magnetic f i e l d  d a t a  inva r i ab ly  cor -  

responds t o  a d i f f u s e  plasma magnetopause cha rac t e r i zed  by slowly changing 

plasma cu r ren t s  (Binsack 1966).  This  phenomena has  important imp l i ca t ions  

concerning the  e n t r y  of plasma i n t o  the magnetosphere and w i l l  be pursued 

i n  f u t u r e  work. On the  inbound pass  i n  f i g u r e  8 the  f i e l d  boundary i s  

aga in  very w e l l  def ined by magnitude and angle  d i s c o n t i n u i t i e s .  

A summary p l o t  showing i n t e r v a l s  when IMP-2 w a s  i n  t he  magnetosheath 

i s  presented i n  f i g u r e  9 which shows t h e  s o l a r  e c l i p t i c  plane wi th  t h e  

sun a t  the l e f t .  A l l  spacec ra f t  p o s i t i o n s  have been transformed i n t o  the  

s o l a r  e c l i p t i c  plane by r o t a t i n g  them i n  a meridian p lane .  The inne r  

te rmina t ions  of each o r b i t  r e p r e s e n t  magnetopause c ros s ings  and the  o u t e r  

te rmina t ions  r ep resen t  shock c ross ings  except  when an  arrowhead des igna te s  

t h a t  da t a  was missing and the  boundary i s  beyond the  end p o i n t .  The 

occurrence of  boundary motion i s  i l l u s t r a t e d  by breaks i n  t h e  l i n e s  on 

many o r b i t s  a l though many s h o r t  per iod  boundary movements cannot be 

presented  c l e a r l y  i n  t h i s  type of p r e s e n t a t i o n .  Average p o s i t i o n s  of 

t he  shock and the  magnetopause have been sketched on Figure  9 and a r e  

i n  good agreement wi th  previous r e s u l t s  (See review by Ness 1966).  

The spacec ra f t  pene t ra ted  t h e  magnetopause on every  o r b i t  i n v e s t i -  

gated p r i o r  t o  o r b i t  69 and aga in  on o r b i t s  70, 72, and 77. The c l o s e s t  

magnetopause c ros s ings  observed by IMP-2 occurred  a t  8.9 RE on t h e  

outbound pass of o r b i t  16 t h r e e  minutes a f t e r  t h e  obse rva t ion  
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of  a sudden commencement geomagnetic s t o r m  (Lincoln 1365). 

same p a s s ,  t h e  i n t e r p l a n e t a r y  f i e l d  was encountered a t  11 XE vh ich  was 

t h e  n e a r e s t  t o  t h e  e a r t h  t h a t  t h e  interplar .e tary medium was observed. 

The outermost obse rva t ion  of t h e  magnetosphere w i t h i n  45' of t h e  e a r t h  

sun l i n e  occurred a t  14.0 on o r b i t  14. It i r  apparent i n  f i g u r e  9 

t h a t  magnetopause c r o s s i n g s  near  t h e  same meridian may va ry  by - 2.5 RE 

o r  more. 

Cn t h i s  

Another unusual ly  c l o s e  magnetopause c ros s ing  occurred on o r b i t  25 

and w a s  nea r  t h e  beginning of a magnetic storm. 

compression a t  t h e  time o f  storms comes from t h e  outbound pass  of o r b i t  30. 

On t h i s  o r b i t  t h e  s p a c e c r a f t  passed through t h e  magnetopause nea r  i t s  

average p o s i t i o n  of 12.5 RE s h o r t l y  before a sudden commencement storm. 

t he  s p a c e c r a f t  was i n  the magnetosheath the sudden commencement s torm 

occurred and t h e  shock wave was observed only 72 minutes l a te r ,  0.8 R 

beyond t h e  magnetopause crossing.  

occurred approximately- 43 hours a f t e r  a storm sudden commencement which 

occurred a t  1612 on January 20. N o  magnetopause had been observed, however, 

w h e n  t h e  s p a c e c r a f t  was a t  apogee on the previous o r b i t  14 hours a f t e r  t h e  

sudden commencement. 

Add i t iona l  evidence f o r  

While 

E 
The magnetopause c r o s s i n g  on o r b i t  77 

C1earr.j. t h e  boundaries move i n  at t h e  t i m e  of a storm sudden 

commencement although c o r r e l a t i o n  between magnetopause p o s i t i o n  and Kp 

i s  not  r e a d i l y  apparent.  

r e s u l t s  of Pa te l  and Dessler (1966) and is  probably r e l a t e d  t o  i n f l a t i o n  

of t h e  magnetosphere by t h e  r i n g  cu r ren t s  a s s o c i a t e d  wi th  enhanced 

magnetospheric plasma. (Freeman 1964). During t h e  recovery phase of 

This  l a c k  of c o r r e l a t i o n  i s  i n  agreement w i t h  
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uiagnetic storins t!iere i s  sonic cvidence f r o u  IMP 2 f o r  l a r g e r  mgnctoyausc  

d i s t a n c e s  such as seen Ly Freeman on E x p l o r e r  12. The conclusion i s  t h 2 t  

increased s o l a r  wind p r e s s u r e  i s  the important e f f e c t  e a r l y  i n  a storm 

producing a reduced boundary p o s i t i o n .  

p r e s s u r e  a s soc ia t ed  w i t h  i n f l a t i o n  of t h e  inne r  magnetosphere i s  dominant 

snd l eads  t o  increased boundery d i s t a n c e s .  The anomalous case of 

o r b i t s  76  and 77 iiiay be r e l a t e d  t o  dynamics of t h e  s torm a s s o c i a t e d  w i t h  

t h e  t a i l  and p o l a r  substorms. 

L a t e r  i n  a s torm t h e  i n t e r n a l  
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SECTION 5 .  INTERPLANETARY MAGNETIC FIELDS 

The IMP-2 mission was considered a f a i l u r e  due t o  the i n a b i l i t y  t o  

make extended observa t ions  of the in t e rp l ane ta ry  medium. However, the  

s a t e l l i t e  pene t ra ted  the  bow shock and made i n t e r p l a n e t a r y  measurements 

f o r  per iods  of 30 minutes t o  20 hours p e r  o r b i t  on 35 of  t he  f i r s t  40 

o r b i t s  dur ing  s o l a r  r o t a t i o n s  1795-1797. Over 43,100 ind iv idua l  4 .8  

second i n t e r p l a n e t a r y  measurements were obtained which i s  equ iva len t  t o  

more than  325 hours of d a t a .  The i n t e r p l a n e t a r y  measurements a r e  o f t e n  

i n t e r s p e r s e d  wi th  i n t e r v a l s  of  magnetosheath d a t a  due t o  shock motion, 

bu t  t h e  c l a r i t y  of t he  shock f r o n t  has made i t  p o s s i b l e  t o  i s o l a t e  t he  

i n t e r p l a n e t a r y  da t a  f o r  independent s tudy.  

The d i s t r i b u t i o n  o f  these  ind iv idua l  f i e l d  magnitudes i s  shown i n  

f i g u r e  10. The r e l a t i v e  number o f  occurrences i n  each 112 gamma i n t e r v a l  

i s  p l o t t e d  versus  magnitude. The average i n t e r p l a n e t a r y  f i e l d  magnitude 

i s  seen  t o  be between 5 and 6 gammas and the  most probable  va lue  i s  

around 4 gammas. It is l i k e l y  tha t  t hese  measurements a r e  not  an exac t  

r e p r e s e n t a t i o n  of t y p i c a l  i n t e r p l a n e t a r y  f i e l d  cond i t ions  s ince  the  a v a i l -  

a b i l i t y  of the  measurements i s  dependent on the  p o s i t i o n  of t he  shock 

which i n  t u r n  i s  dependent on s o l a r  wind cond i t ions .  

Another important c h a r a c t e r i s t i c  of the  i n t e r p l a n e t a r y  magnetic 

f i e l d  i s  i t s  d i r e c t i o n a l  o r i e n t a t i o n  over time i n t e r v a l s  comparible t o  

the  27 day s o l a r  r o t a t i o n  per iod .  The IMP-1  s a t e l l i t e  magnetic f i e l d  d a t a  

obta ined  near  t he  end of 1963 revealed t h a t  the  i n t e r p l a n e t a r y  magnetic 

f i e l d  d i r e c t i o n  i n  t h e  e c l i p t i c  plane was d iv ided  i n t o  four  d i s t i n c t  

s e c t o r s  (Ness and Wilcox, 1965). Within each s e c t o r  t h e  f i e l d  was d i r e c t e d  

predominantly toward o r  away from the sun near  t h e  t h e o r e t i c a l  s p i r a l  
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a n g l e  predicted under the assumption of plasma flowing r a d i a l l y  outward 

from a r o t a t i n g  sun. These s a t e l l i t e  measurements c o r r e l a t e d  we l l  wi th  

s o l a r  magnetograph observa t ions  of the  s u n ' s  f i e l d  and support  t he  i n t e r -  

p r e t a t i o n  t h a t  t h e  i n t e r p l a n e t a r y  f i e l d  i s  connected t o  the  sun (Ness and 

Wilcos,  1964). A s  t he  sun r o t a t e s  these  s e c t o r s  were found t o  sweep p a s t  

the e a r t h ,  reappear ing  approximately every 27 days.  Various o the r  s o l a r  

wind parameters,  geomagnetic a c t i v i t y ,  and cosmic ray  i n t e n s i t y  were a l s o  

found t o  be r e l a t e d  t o  t h e  s e c t o r  s t r u c t u r e ,  (Wilcox and Ness, 1965).  

IMP-1 measurements were l imi t ed  t o  the  s tudy  of t h r e e  s o l a r  r o t a t i o n s  i n  

l a t e  1963 - e a r l y  1964 and it  i s  of i n t e r e s t  t o  examine the  s t r u c t u r e  of 

the  in t e rp l ane ta ry  medium a t  o the r  t imes.  

Mariner 2 ,  launched i n  August 1962, made i n t e r p l a n e t a r y  measurements 

dur ing  three s o l a r  r o t a t i o n s  i n  l a te  1962 and found evidence f o r  two 

s e c t o r s  (Davis e t  a l ,  1966). Mariner 4 launched one year  a f t e r  IMP-1 made 

in t e rp l ane ta ry  measurements which have been r epor t ed  f o r  t h r e e  s o l a r  ro -  

t a t i o n s  from December 1964 - February 1965 (Coleman e t .  a l .  1966). These 

r e s u l t s  ind ica ted  the  presence of s e v e r a l  s e c t o r s  bu t  they d i d  no t  e x h i b i t  

t he  w e l l  defined recur rence  p a t t e r n s  of e i t h e r  Mariner 2 o r  IMP-1. 

The procedure used f o r  s tudying  f i e l d  d i r e c t i o n s  on IMP-2 was t o  

d iv ide  a sphere r ep resen t ing  a s o l a r  e c l i p t i c  coord ina te  system i n t o  96 

equal  s o l i d  ang le s .  The d i s t r i b u t i o n  of  i n d i v i d u a l  4 .8  second i n t e r p l a n e t a r y  

f i e l d  measurements among these  96 equal  s o l i d  angle  reg ions  was then i n -  

ves t iga t ed  f o r  each o r b i t .  

by f i r s t  c r ea t ing  n ine  l a t i t u d e  reg ions  bounded by the  l a t i t u d e s  2 78.3O, 

- + 54.3O, 2 34.2O, 4- - 10.8O. 

one reg ion .  

The d i v i s i o n  of t he  sphere was accomplished 

The po la r  r eg ions  above 2 78.3O each formed 

The region between 54.30 and 78.3O was d iv ided  i n t o  e i g h t  
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i n t e r v a l s  of 45' longi tude ,  and lower l a t i t u d e  reg ions  were d iv ided  

i n t o  12 o r  18 i n t e r v a l s  of 300 and 20° longi tude .  The 96 reg ions  a r e  

p ro jec t ed  on a plane a s  i n  f i g u r e  l l w h e r e  the s o l a r  e c l i p t i c  longi tude  

angle  (?J i s  the  absc i s sa  and l a t i t u d e  9 i s  the  o r d i n a t e .  The c e n t e r  

of  a r eg ion  i n  each l a t i t u d e  range was chosen t o  correspond t o  average 

s p i r a l  angles  of  8 = 135O and 8 = 315O. 

The numbers i n  the  i n t e r v a l s  i n  f i g u r e  11 rep resen t  the t o t a l  number 

of i n d i v i d u a l  4 .8  second i n t e r p l a n e t a r y  measurements occur r ing  dur ing  the 

Eirst f i v e  o r b i t s .  It can be seen tha t  t he  numbers range from a h igh  of 

385 near  t he  average s p i r a l  angle  poin t ing  toward the  sun t o  a low of 

ze ro  i n  a d i r e c t i o n  approximately opposi te  t o  t h i s .  The grouping of  high 

va lues  nea r  t he  s p i r a l  angle  poin t ing  toward the  sun mark t h i s  very de- 

f i n i t e l y  as a negat ive  s e c t o r  (negat ive def ined  a s  toward the  sun;  p o s i t i v e  

def ined  as away). 

Upon examing the  d i s t r i b u t i o n s  f o r  each o r b i t ,  i t  was genera l ly  a 

simple mat te r  t o  a s c e r t a i n  whether t h e  o r b i t  belonged t o  a p o s i t i v e  o r  

nega t ive  s e c t o r .  Consecutive o r b i t s  of t h e  same p o l a r i t y  were then co l -  

l e c t e d  forming e i g h t  groups ( four  r ecu r r ing  s e c t o r s )  during the  two s o l a r  

r o t a t i o n s  from October 4 - November 2 7 .  Summary d i s t r i b u t i o n s  s i m i l a r  t o  

f i g u r e  11 w e r e  cons t ruc ted  f o r  a l l  e i g h t  s e c t o r s  and from these  p l o t s ,  

contours  of equal  occurrence were drawn. These a r e  i l l u s t r a t e d  i n  f i g u r e  

12 where the  va lue  one des igna te s  tha t  expected f o r  i s o t r o p i c  d i s t r i b u t i o n ,  

t h r e e  des igna tes  th ree  t i m e s  an i s o t r o p i c  d i s t r i b u t i o n ,  e t c .  V e r t i c a l  

l i n e s  a t  f j  = 135O and 3150 r ep resen t  t h e o r e t i c a l  s p i r a l  angles  f o r  a 440 

km/sec s o l a r  wind. There i s  a c l e a r  tendency f o r  f i e l d s  t o  group themselves 
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near  the  s p i r a l  angle  po in t ing  e i t h e r  toward o r  away from the  sun. 

ca ses  the  0 .1  do t t ed  contour i n d i c a t e s  a pauc i ty  of f i e l d s  i n  the  d i r e c t i o n  

oppos i te  t o  the  maximum. The preference  f o r  f i e l d s  t o  be near  t he  e c l i p t i c  

plane i s  a l so  apparent  from f i g u r e  1 2  a l though a s u b s t a n t i a l  number of 

f i e l d s  point  apprec iab ly  out  of tne e c l i p t i c .  During the  f i f t h  s e c t o r  

t he re  i s  a f i lament  of p o s i t i v e  p o l a r i t y  occur r ing  dur ing  the  predominantly 

nega t ive  s e c t o r .  The f i e l d s  forming t h i s  f i l ament  near  8 = 120° i n  Sec tor  

5 occur during the  i n t e r v a l  0140-0430 on o r b i t  22 and have been presented 

i n  f i g u r e  4 .  

a t i m e  i n t e r v a l  of 10 minutes .  

I n  a l l  

The angular  change of 8 occur r ing  near  0430 t akes  p lace  over  

The recurrence p r o p e r t i e s  of the  IMP-2 s e c t o r s  can be i n v e s t i g a t e d  

wi th  t h e  a i d  of f i g u r e  13 where the  s e c t o r  p o l a r i t y  has  been superposed on 

2 7  day Kp diagrams. 

r e c u r r i n g  s e c t o r s  f o r  s o l a r  r o t a t i o n s  1784-1786, and a t  the  bottom the  

Mariner 4 data  and Kp.  

t he  second s o l a r  r o t a t i o n  i s  q u i t e  c l e a r  w i t h  the  boundaries reappear ing  

w i t h i n  a day o r  two of  t h e i r  p o s i t i o n  on t h e  prev ious  s o l a r  r o t a t i o n .  I n  

a d d i t i o n ,  the correspondence t o  the  IMP-1 s e c t o r s  observed one year  e a r l i e r  

i s  q u i t e  good. 

Shown a t  t h e  top of  the  f i g u r e  a r e  the  average IMP-1 

The recur rence  of t he  four  IMP-2 s e c t o r s  dur ing  

Not only a r e  four  s e c t o r s  p re sen t  a s  a t  the  time of  IMP-1 

but  t h e i r  pos i t i ons  are approximately the  same. The s i z e  of t h e  four  s e c t o r s  

have changed s l i g h t l y  dur ing  the  i n t e r v a l  between IMP-1 and the  IMP-2 

observat ions.  

Agreement between the  IMP-2 s e c t o r s  and t h e  Mariner 4 s e c t o r s  immed- 

i a t e l y  following IMP-2 is not as good. Mariner  4 e a r l y  i n  i t s  f l i g h t  was 

ahead of the e a r t h  i n  i t s  motion around t h e  sun and l a t e r  passed behind 

the  e a r t h  a t  a d i s t a n t  of about 3000 RE. 

be expected t o  a r r i v e  Bt the  e a r t h  before  a r r i v i n g  a t  Mariner 4 but  t h e  

Sec to r  boundaries  would then 
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c o r r e c t i o n  i s  always less than a day i n  t he  d a t a  shown, (Davis ,  1965). 

There i s  a gene ra l  correspondence between IMP-2 and the  f i r s t  s o l a r  

r o t a t i o n  of Mariner 4 but  t he  s e c t o r s  begin t o  evolve q u i t e  r a p i d l y  

dur ing  subsequent r o t a t i o n s .  As pointed out  by Coleman e t .  a l .  ) (1966))  

May through November 1964 represented  a per iod of minimum s o l a r  a c t i v i t y  

where s t a b l e  s e c t o r  p a t t e r n s  might be expected t o  occur .  The evo lu t ion  

of  t h e  p a t t e r n s  i n  e a r l y  1965 may be r e l a t e d  t o  inc reas ing  s o l a r  a c t i v i t y .  

1 

The IMP-1 r e s u l t  showing t h a t  geomagnetic a c t i v i t y  reaches  a peak 

about 2 / 7  of  t he  way through a s e c t o r  has been s tud ied  wi th  the  IMP-2 

r e s u l t s .  General  agreement vJith t h i s  r e s u l t  can be deduced from f i g u r e  

13 but  a more r e f ined  a n a l y s i s  such as  w a s  used on IMP-1 (Wilcox and 

Ness,  1965) b e t t e r  demonstrates the  agreement and i s  shown i n  f i g u r e  14. 

To p repa re  t h i s  f i g u r e  the  d a i l y  sum of Kp w a s  ass igned t o  each day and 

t h e  d u r a t i o n  of each s e c t o r  was normalized t o  a va lue  of  one. The o r d i n a t e  

i n  f i g u r e  14 r e p r e s e n t s  t he  average d a i l y  sum a t  t h e  p o s i t i o n  wi th in  the  

s e c t o r  g iven  by t h e  absc i s sa .  The four p o s i t i v e  and four  nega t ive  

s e c t o r s  were t r e a t e d  s e p a r a t e l y  and are represented  by p l u s  

and minus s i g n s  i n  f i g u r e  14. The agreement between f i g u r e  14 and the  

IMP-1 r e s u l t s  i s  very  good w i t h  t h e  peak i n  each case  occurr ing  e a r l y  

i n  t h e  s e c t o r  and a minimum a t  the  end .  The va lues  of C Kp are a l s o  i n  

good agreement a t  the  peaks and a t  the minima. The t h r e e  high 

p o s i t i v e  va lues  near  t he  end of t h e  sec to r  can be t r aced  t o  h igh  Kp 

va lues  occurr ing  a f t e r  t he  passage of a s e c t o r  boundary. 

r a i s e  t h e  Kp d a i l y  sum f o r  t he  per iod a t  t he  end o f a  s e c t o r  which w a s  

a c t u a l l y  q u i e t .  Comparing the  Mariner 4 s e c t o r s  and Kp i n  f i g u r e  13,  

i t  appears  as if high Kp va lues  occur near  t h e  end of a s e c t o r .  

Cons ide ra t ion  o f  t h e  ear th-Mariner  pos i t i on  r e l a t i o n s h i p  mentioned above 

would tend t o  s h i f t  the  s e c t o r  c ross ings  such t h a t  t he  h igh  Kp's would 

These high1Lp's 



- 26 - 

occur e a r l y  i n  t h e  s e c t o r  but i t  i s  no t  c l e a r  t h a t  t he  c o r r e c t i o n  would 

be l a r g e  enough t o  b r i n g  the r e s u l t s  i n t o  agreement with the  IMP-1 and 

IMP-2 r e s u l t s .  

The d i s t r i b u t i o n  of f i e l d  magnitude w i t h i n  a s e c t o r  shows a tendency 

f o r  higher  f i e l d s  t o  occur e a r l y  i n  a s e c t o r  such a s  was observed on IMP-1, 

bu t  f requent  passage through t h e  magnetosphere precludes an a n a l y s i s  

s imi l a r  t o  t h a t  c a r r i e d  out  on IMP -1 d a t a .  

To i n v e s t i g a t e  t h e  r e l a t i o n  of s e c t o r  s t r u c t u r e  t o  f i e l d  i n  the mag- 

ne toshea th ,  an a n a l y s i s  was performed i d e n t i c a l  t o  t h a t  used f o r  t h e  i n t e r -  

p l a n e t a r y  f i e l d .  The d i s t r i b u t i o n  of f i e l d s  i n  the  96 r eg ions  was obtained 

f o r  each s e c t o r  and contours  w e r e  aga in  drawn. The d i s t r i b u t i o n  w a s  found 

t o  be highly a n i s o t r o p i c  i n  a manner s i m i l a r  t o  t h e  i n t e r p l a n e t a r y  f i e l d s .  

From the contour p l o t s  an average 0 angle  was e s t ima ted  f o r  both i n t e r -  

p l ane ta ry  and magnetosheath f i e l d s  f o r  each s e c t o r .  I n  f i g u r e  15 the 

average f i e l d  magnitudes a r e  p l o t t e d  a t  t h e  corresponding 0 ang les  a t  

p o s i t i o n s  corresponding t o  the  average shock p o s i t i o n s  i n  t h e  s o l a r  e c l i p t i c  

plane.  P o s i t i v e  s e c t o r  i n t e r p l a n e t a r y  f i e l d s  a r e  r ep resen ted  by t h e  s o l i d  

v e c t o r s  a t  the inner  shock wave and corresponding magnetosheath f i e l d s  a r e  

r ep resen ted  by dashed v e c t o r s .  Negative s e c t o r  r e s u l t s  a r e  shown a t  t he  

o u t e r  shock wave (which has been d u p l i c a t e d  f o r  c l a r i t y ) .  The merage 

0 ' s  f o r  each s e c t o r  a r e  always l e s s  than 16O. 

I n  f igure 15 i t  can be seen t h a t  average magnetosheath f i e l d s  p o i n t  

gene ra l ly  towards dusk and dawn f o r  p o s i t i v e  and nega t ive  s e c t o r s  r e -  

s p e c t i v e l y .  It is  c l e a r  t h a t  t h e  smaller  i n t e r p l a n e t a r y  f i e l d s  should 

experience an angle  change a t  t he  shock i n  o r d e r  t h a t  the normal f i e l d  

component be continuous a c r o s s  t h e  shock, but  the angle  change i n  f i g u r e  
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. 

l5 appears  t o  be  l a r g e r  than expected from t h i s  argument. The reason 

f o r  t h i s  i s  t h a t  t h e  v e c t o r s  i n  f i g u r e  15 were de r ived  from d a t a  taken 

throughout t h e  magnetosheath and t h e r e f o r e  r e p r e s e n t  n o t  on ly  t h e  e f f e c t  

of t h e  shock wave but  t h e  e f f e c t s  of i n t e r a c t i o n  wi th  t h e  magnetosphere. 

The d i r e c t i o n s  of t h e  average magnetosheath f i e l d  suggest  t h a t  t h e  

f i e l d s  tend t o  a l i g n  themselves tangent t o  t h e  magnetosphere a f t e r  under- 

going an i n i t i a l  ang le  change a t  the  shock. 
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SECTION 6 .  THE MAGNETOSPHERE 

When IMP-2 i s  i n  t h e  magnetosphere on t h e  sunward s i d e  of t h e  e a r t h  

t h e  f luxga te  senso r s  are u s u a l l y  s a t u r a t e d  and accu ra t e  measurements are 

seldom poss ib l e .  A s  t h e  o r b i t  moves toward t h e  dawn meridian i n  s o l a r  

e c l i p t i c  coord ina te s ,  t h e  f i e l d  s t r e n g t h s  i n  t h e  o u t e r  magnetosphere de- 

crease below the s a t u r a t i o n  l e v e l  and measurements are obta ined .  A s  

t i m e  p rogresses  an i n c r e a s i n g  f r a c t i o n  of each o r b i t  i s  spent  w i th in  t h e  

magnetosphere and a f t e r  o r b i t  77 t h e  s p a c e c r a f t  i s  always completely 

wi th in  t h e  magnetosphere. IMP-2 i s  t h e r e f o r e  a b l e  t o  perform an  e x t e n s i v e  

mapping of the dawn-to-midnight reg ion  of t h e  magnetosphere between approx- 

ima te ly  9 t O  16 RE. 

One of t h e  most s t r i k i n g  c h a r a c t e r i s t i c s  of magnetic f i e l d  data i n  

t h i s  dawn-to-midnight reg ion  i s  t h e  absence of large f l u c t u a t i o n s  of t h e  

f i e l d  i n  t h e  frequency range of c y c l e s  p e r  second. Values of A are 

typica l ly0 .5y  i n  f i e l d s  up t o  4 9  and v a l u e s  of 0.2yor0.3y ( c h a r a c t e r i s t i c  

of i n t e r p l a n e t a r y  space) o f t e n  occur  i n  t h e  weaker magnetosphere f i e l d s .  

Quasi- s inusoida ' l  f l u c t u a t i o n s  wi th  pe r iods  of  s e v e r a l  minutes  and ampl i tudes  

of s e v e r a l  gammas are more common, p a r t i c u l a r l y  i n  t h e  weaker f i e l d s  n e a r  

t h e  e q u a t o r i a l  p lane .  

Primary emphasis i n  t h i s  phase of IMP-2 magnetosphere a n a l y s i s  h a s  

been placed on s tudying  t h e  average magnetic f i e l d  topology wi th  s p e c i a l  

a t t e n t i o n  given t o  t h e  formation of t h e  t a i l  i n  t h e  dawn-to-midnight r eg ion .  

For t h i s  purpose hour ly  averages i n  s o l a r  magnetic c o o r d i n a t e s  were used. 

Th i s  coord ina te  system i s  equ iva len t  t o  a geomagnetic l o c a l  t i m e  and 

l a t i t u d e  coord ina te  system. I t  i s  t h e  m o s t  convenient  system t o  i n v e s t i -  

I g a t e  t h e  d i s t o r t i o n  of t h e  approximately d i p o l e  f i e l d  c l o s e  t o  t h e  e a r t h  

where t h e  d i p o l e  o r i e n t a t i o n  i s  as impor tan t  as t h e  s o l a r  wind d i r e c t i o n .  
I 

. 
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The p r o j e c t i o n s  of t h e  f i e l d  i n  the s o l a r  magnettc XY plane are 

p l o t t e d  and shown i n  f i g u r e  16. The t r a j e c t o r y  of IMP 2 is such t h a t  

t h e  s p a c e c r a f t  i s  always w e l l  below the s o l a r  magnetic e q u a t o r i a l  plane 

on t h e  outbound p o r t i o n  of each o r b i t  but nea re r  t h e  e q u a t o r i a l  plane on 

t h e  inbound p o r t i o n  of t h e  o r b i t .  

e q u a t o r i a l  plane be fo re  t h e  d e t e c t o r s  s a t u r a t e  depends on t h e  o r i e n t a t i o n  

of t h e  d i p o l e  when t h e  s p a c e c r a f t  is  inbound i n  t h e  r eg ion  10-12 RE. Since 

t h e  d i p o l e  axis makes an angle  of 11.5' w i th  t h e  r o t a t i o n a l  axis, t h i s  

Whether t h e  Spacecraf t  c r o s s e s  t h e  

o r i e n t a t i o n  depends on u n i v e r s a l  time. 

o r i e n t a t i o n s  does t h e  s p a c e c r a f t  c ros s  t h e q u a t o r i a l  p l ane  and make 

measurements i n  t h e  n o r t h e r n  hemisphere. 

Only f o r a  l i m i t e d  range of d i p o l e  

F igu re  16 shows t h e  p r o j e c t i o n  of more t h a n  350 hours of d a t a  which 

r e p r e s e n t s  approximately 50 pe rcen t  of t h e  a v a i l a b l e  d a t a .  Data from below 

t h e  e q u a t o r i a l  p l ane  nea r  apogee i n  the midnight hemisphere has been 

e l imina ted  t o  prevent  crowding i n  t h i s  g r a p h i c a l  p r e s e n t a t i o n .  

t h a t  almost a l l  measurements are below t h e  e q u a t o r i a l  plane is noted r e a d i l y  

s i n c e  t h e  f i e l d s  g e n e r a l l y  p o i n t  away from t h e  e a r t h .  The f i e l d s  t h a t  do 

n o t  p o i n t  away from t h e  e a r t h ,  nea r  X = -9, Y = -4, are measurernents 

from above t h e  e q u a t o r i a l  plane.  A d ipo le  f i e l d  would have a r a d i a l  

p r o j e c t i o n  a t  p o i n t s  o f f  t h e  e q u a t o r i a l  p l ane  so t h e  non- rad ia l  n a t u r e  

of t h e  f i e l d s  i n  f i g u r e  16 i l l u s t r a t e s  how t h e  f i e l d  i s  swept back t o  

begin t h e  formation of t h e  t a i l  by the s o l a r  wind. 

The f a c t  

The measurements i n  f i g u r e  16 show good correspondence among thLm 

s e l v e s  i n  t h e  v a r i o u s  XY p o s i t i o n s  i n  s p i t e  of t h e  f a c t  t h a t  t h e  measure- 

ments were made as much as 7 % below t h e  e q u a t o r i a l  plane.  

v a t i o n  sugges t s  t h a t  a t  least  t o  a f i r s t  approximation, an e n t i r e  magnetic 

This  obser- 
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f i e l d  meridian plane i s  swept back towards t h e  t a i l  by t h e  s o l a r  wind. 

These hypo the t i ca l  d i s t o r t e d  f i e l d  planes are sketched w i t h  dashed l i n e s  

i n  f i g u r e  16. 

f i g u r e s  17a and b where t o t a l  f i e l d  magnitudes have been p l o t t e d  a t  t h e  

ang le  t h e  f i e l d  makes w i t h  t h e  e q u a t o r i a l  plane.  

of  each vector  i s  t h e  s o l a r  magnetic Z p o s i t i o n  of t h e  measurement and 

t h e  XY p o s i t i o n  measured along t h e  curved s u r f a c e s  of f i g u r e  16. Undistor ted 

d i p o l e  f i e l d  l i n e s  are included i n  f igure37 f o r  comparison. S o l i d  v e c t o r s  

i n d i c a t e  t h a t  thc sun was below t h e  magnetic e q u a t o r i a l  p l ane  and dashed 

v e c t o r s  i n d i c a t e  t h e  sun was above t h i s  plane.  

The e i g h t  numbered curved meridian s u r f a c e s  are shown i n  

The l o c a t i o n  of t h e  fcot 

For su r face  1 i n  f i g u r e  1I t h e  observed f i e l d  d i r e c t i o n  agrees  w e l l  

Beyond t h i s  d i s t a n c e  t h e  w i t h  t h e  t h e o r e t i c a l  d i p o l e  f i e l d  o u t m  12 RE. 

f i e l d  l i n e s  begin t o  be d i s t o r t e d  so t h a t  they are somewhat more r a d i a l  

than a dipole .  The n n s i t i o n  where d i p o l e - l i k e  f i e l d s  nea r  t h e  e q u a t o r i a l  

p l ane  t u r n  over and p o i n t  toward t h e  e a r t h  appears t o  l i e  above t h e  

e q u a t o r i a l  plane when t h e  geomagnetic l a t i t u d e  of t h e  sub - so la r  p o i n t  i s  

nega t ive .  F o r  s u r f a c e  2 t h e  r a d i a l  d i s t o r t i o u  i s  more pronounced wi th  t h e  

f i e l d  l i n e s  being dragged out  i n  a manner t h a t  i s  reminiscent  of 

measurements near t h e  midnight meridian (Ness, 1965; C a h i l l ,  1967). Weaker f i e l d s  

a r e  seen  near t h e  e q u a t o r i a l  p l ane  as r epor t ed  by S y e i s e r  and Ness (1966). 

Surfaces  3 and 4 have l e s s  d a t a  due t o  s p a c e c r a f t  s h u t o f f  during 

p a r t  of t h e  time the  s a t e l l i t e  was d h i n  t h i s  region.  Few measurements 

are made above t h e  e q u a t o r i a l  p l ane  buttwo i n  s e c t i o n  4 s u g g e s t s  a d i s -  

t i n c t l y  r a d i a l  f i e l d  near  10 RE. 

t h i s  and show t h a t  t h e  g e n e r a l l y  s o l a r - a n t i s o l a r  f i e l d s , c h a r a c t e r i s t i c  

Surfaces  5 and 6 i n  f i g u r e  17b confirm 
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of t h e  t a i l  may extend i n t o  the  magnetosphere as f a r  as 9 nea r  t h e  

niidiiight meridian plane.  Surface 5 provides f u r t h e r  i l l u s t r a t i o n  of 

s o l a r  wind d i r e c t i o n a l  c o n t r o l  of t h e  p o s i t i o n  of t h e  i n n e r  edge of t h e  

n e u t r a l  shee t .  When t h e  s o l a r  wind :.s i n c i d e n t  on t h e  d i p o l e  at a 

p o s i t i v e  solar gcomagnetic l a t i t u d e ,  t h r e e  dashed v e c t o r s  near  the 

e q u a t o r i a l  plane p o i n t  toward t h e  e a r t h ,  demonstrating t h a t  the f i e l d  

r e v e r s a l  r eg ion  now extends below the magnetic e q u a t o r i a l  plane.  

sun i s  a t  sou the rn  geomagnetic l a t i t u d e s  t h e  s a t e l l i t e  must go f u r t h e r  

n o r t h  be fo re  t h e  f i e l d  r eve r ses  and po in t s  toward t h e  e a r t h .  The two 

l a r g e  v e c t o r s  above t h e  e q u a t o r i a l  plane beyond 12 p e i n t i n g  away from 

t h e  e a r t h  were taken about 16 hours after a sudden commencement s torm on 

March 12  when t h e  magnetic l a t i t u d e  of t h e  sun was -14O.  

hour t h e  f i e l d  reversed d i r e c t i o n  and t h e  hourly average is t h e  s m a l l  

v e c t o r  above t h e  e q u a t o r i a l  plane i n  s u r f a c e  4. 

was appa ren t ly  moved 1.6 RE above t h e  e q u a t o r i a l  p l ane  and t h e  f i e l d  reached 

a minimum of Sy a t  t h e  t i m e  of t h e  r eve r sa l .  

When t h e  

During the  fol lowing 

Th i s  r eg ion  of r e v e e s a l  

The f i e l d s  w e l l  below t h e  e q u a t o r i a l  plane i n  s u r f a c e  6 p o i n t  p r i m a r i l y  

i n  t h e  a n t i s o l a r  d i r e c t i o n ,  bu t  a l s o  have a s m a l l  southward component even 

when t h e  s o l a r  wind is i n c i d e n t  from sou the r ly  geoniagnetic l a t i t u d e s .  

This  obse rva t ion  is  confirmed i n  su r faces  7 and 8 al though a t  t h e  t i m e  

of t h e s e  l a t e r  measurements t h e  sun is more o f t e n  above t h e  solar magnetic 

equa to r .  
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The Dk 2 s c t e l l i t e '  i n v e s t i g a t e d  magnetic f i e l d s  i n  i n t e r p l a n e t a r y  

spLce, the mqnetosheat l i  and the  magnetosphere between Gctober 4 ,  1964 a i d  

A p r i l  7 ,  1965. T h i s  ::a c time of yeiie;ally lov  s o l a r  a c t i v i t y  bu t  

s e v e r a l  rJoGerate u a p e t i ;  s t o m s  occurred r,iost of which were of t h e  

recurr inL type o f t e n  s a i d  t o  be a s soc ia t ed  wi th  P I  regions.  

Over 325 hours of i n t e r p l a n e t a r y  d a t a  were obtained between 

(ictober 4 and Nover,lEer 30 du r ing  s o l e r  r o t a t i o m  1795 - 1737. IM: 2 

de tec t ed  the i n t c r p l z a e t a r y  Sicid d i r e c t t o r \  p s r t i t i o L i c d  in:o i o u r  

r ecu r ren t  s e c t o r s  a ini lar  t o  chcsc s,ctic-.,: seen by p y  1 cme p L r  

ez- r l ie r .  

equal  s i z c , s o  t h a t  small changes i n  t h e  s i z e s  of t h e  s e c t o r s  had occur- 

However, the s e c t o r s  seen by t h e  Ihr 2 were of apyroxi:ictely 

red. 

F:: a2yroxinately 27 l c y s .  

rezsonakly well x i i t ! i  It2 1 neasureaents  crb.eri i ig r o l a r  r o t o t f o n s  i783-1785. 

The & s e c t o r s  seen by IPiP 2 on. t ~ i ~  fL-;t noizr  r o t ; t i m  r e ~ p p c z r c 2  

The p ~ ~ i t i c t i ~ .  aid scnsc of s e c t o r s  s,reed 

T h e  correspondence u i t h  Mariner 4 measurci.lcnts i d e  iiiunediztcly L f t e r  

IMP 2 was not as c l e a r .  A r e l a t i v e l y  s t a b l e  p a t t e r n  of  27 dzy r e c u r r i n g  

naGnetic a c t i v i t y  was p resen t  betveen I W  1 and INk 2 i n t e r v s l s  whc--eac 

t h i s  s t z b l e  $ a t t e r n  began bresking up l a t e  i n  1964. 

t h a t  evolving s o l a r  magnetic f i e l d s  a s s o c i a t e d  w i t h  t h e  new susnspot  cyc le  

l e d  t o  the changing sectors seen by Mariner 4 and t h e  disagreement wi th  

DE 2.  

This  sugges t s  

High i n t e r p l a n e t a r y  f i e l d s  tended t o  occur e a r l y  i n  t h e  v a r i o u s  

s e c t o r s  as they swept p a s t  t h e  e a r t h ,  b u t  f r equen t  and long pe r igee  gays 
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precluded an ex tens ive  a n a l y s i s  of  tSc i n t c s n a l  s e c t o r  s t r u c t u r e .  

Kp v a l u e s  a l s o  showed a s t r o n g  tendelicy tu oLcur e a r l y  i n  a s e c t o r  k i t h  

low Kp v a l u e s  occur r ing  near  t h e  end of a s e c t o r .  

i n  goodagreement w i t h  t h e  1 r e s u l t s  (Wilcox and Ness, 1365). 

High 

Both of tht?se r e s u l t s  are 

The d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  f i e l d  i n  any O i i c  s e c t o r  vh r i ed  

cons ide rab ly  i n  d i r e c t i o n  bu t  tended t o  be d i s t r i b u t e d  about t h e  

t h e o r e t i c a l  s p i r a l  angle.  The d i r e c t i o n  vas  of te i l  q u i i c  cons t an t  f o r  

pe r iods  of hours a t  a t i m e ,  however, at o the r  times i t  c ' nangagradua l ly  

over  d u r a t i o n s  ranging from a f e w  minutes up t o  hours.  On o t h e r  o c c a s h n s  

t h e  f i e l d  d i r e c f - i o n s  changed ab rup t ly  by as much 2 s  189' bctvecll 

measurements taken 20.5 seconds apa r t .  The few apparent s e c t o r  boundaries 

s een  by UP 2 tended t o  correspond t o  less r ap id  ang le  changes. During 

each s e c t o r  t h e  r a t i o  of t h e  number of f i e l d s  along t h e  s p i r a l  ang le  i n  OAE 

d i r e c t i o n  t o  t h a t  i n  the e y p o s i t e  d i r e c t i o n  w a s  t y p i c a l l y  101): 1. 

The average i n t e r p l a n e t a r y  f i e l d  d i r e c t i o n  for each s e c t o r  was 

always nea r  t h e  s o l a r  e c l i p t i c  plane and t h e  angle i n  t h e  e c l i p t i c  

p l ane  was u s u a l l y  w i t h i n  25' o i  t h e  average t h e o r e t i c a l  s p i r a l  angle 

of  135' (315'). 

e x h i b i t  a h igh ly  a n i s o t r u 2 i c  d i s t r i b u t i o n  wi th  average L'iclds poin t t r '  

towards t h e  dusk and dawn meridians for away and m a r d  s c c t o r s  r c s p e c t i v c l y .  

T h i s  c l e a r  r e l a t i o n  between t h e  i n t e r p l a n e t a r y  f i e l d  d i r e c t i o n  and the  

Magnttosheath fields during each s e c t o r  were foulid t o  

magnetosheath d i r e c t  ion shclvs t h a t  i n t e r p l a n e t a r y  f i e l d s  are coiivected 

through t h e  e a r t h ' s  bow shock f r o n t  where they are cordpressed and th i s  

i n c r e a s e  i n  magnitude while  experiencing r e l c t i v t l y  smll change:, i n  

d i r e c t i o n .  The average f i e l d s  computed from measurements =de 

throughout t h e  magnetosheath tend t o  l i e  n e a r l y  p a r a l l e l  t o  the  avLragL 
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shock f r o n t  so t h a t  t h e  f i e l d  component normal t o  t h e  shock i s  less  

than  t h e  i n t e r p l a n e t a r y  f i e l d  normal t o  the  shock. Since the  normal 

components a c r o s s  t h e  shock must be cont inuous ,  t h i s  r e s u l t  sugges ts  

t h a t  t h e  magnetosheath f i e l d  d i r e c t i o n  i s  determined no t  only by the  

i n t e r p l a n e t a r y  f i e l d  and i t s  passage through t h e  shock bu t  is  a l s o  

s t rong ly  inf luenced  by i n t e r a c t i o n  wi th  t h e  magnetosphere. The ap- 

parent  alignment of t he  average magnetosheath f i e l d s  w i t h  t h e  shock 

i s  more l i k e l y  an al ignment  o f  t he  f i e l d s  tangent  t o  t h e  magnetopause. 

This  r e s u l t  i n d i c a t e s  t h a t  t h e  i n t e r p l a n e t a r y  f i e l d  i s  draped around 

t h e  magnetosphere a s  t h e  s o l a r  wind flows around i t .  

I n v e s t i g a t i o n  of t he  IMP-2 magnetic f i e l d  d a t a  on an expanded 

t i m e  s c a l e  has  r evea led  appa ren t ly  f r equen t  motion o f  bo th  the  bow 

shock and t h e  magnetopause. Mul t ip le  shock c r o s s i n g s  w e r e  observed 

on the  grea t  ma jo r i ty  of  o r b i t s  and m u l t i p l e  magnetopause c ros s ings  

on approximately h a l f  t h e  o r b i t s .  

i n  less than one minute and o f t e n  i n  l e s s  than  t h e  20.5 seconds between 

measurements. Clear  shock c ross ings  could o f t e n  be  r e so lved  when they  

w e r e  separa ted  by only  a few minutes i n  t i m e  bu t  more t y p i c a l l y  they  

were t e n s  of minutes  a p a r t .  Magnetopause c ros s ings  g e n e r a l l y  took some- 

what longer than  one minute and w e r e  gene ra l ly  more d i f f i c u l t  t o  r e s o l v e ,  

p a r t i c u l a r l y  when t h e  magnetosheath f i e l d s  w e r e  a l i g n e d  approximately 

p a r a l l e l  t o  magnetosphere f i e l d s  and both  f i e l d s  were undergoing 

f l u c t u a t i o n s .  The t i m e  i n t e r v a l s  between m u l t i p l e  magnetopause c r o s s i n g s  

w e r e  t y p i c a l l y  10 t o  20 minutes and u s u a l l y  no t  more than  5 o r  7 c ros s ings  

w e r e  observed on any one pass .  

Shock c r o s s i n g s  t y p i c a l l y  occurred  
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Since  t h e  s a t e l l i t e  i s  i n  motion, i t  i s  impossible t o  convert  

boundary c r o s s i n g  t i m e s  t o  d i s t a n c e s  without assuming a v e l o c i t y  f o r  

t h e  boundary. With t h e  a v a i l a b l e  data from only one s a t e l l i t e  it  i s  

a l s o  impossible  t o  d i s t i n g u i s h  between t r a v e r s a l s  of t h e  boundaries 

due t o  r a d i a l  motion of t h e  e n t i r e  magnetopause or waves propagat ing 

on a r e l a t i v e l y  f i x e d  boundary. The v a r i a b i l i t y  of boundary p o s i t i o n s  

f o r  a l l  t h e  o r b i t s  sugges t s  t h a t  r a d i a l  motion i s  important on long 

t i m e  s c a l e s  but waves may a l s o  lead t o  t h e  m u l t i p l e  c r o s s i n g s ,  

Comparisons of magnetic f i e l d  boundary p o s i t i o n s  w i t h  those  

s imultaneously determined from two p l a s m a  experiments on board IMP 2 

w e r e  g e n e r a l l y  very good. Both t h e  >5 ev  e l e c t r o n  c u r r e n t  of t h e  

GSFC r e t a r d i n g  p o t e n t i a l  plasma analyzer and t h e  i o n  c u r r e n t s  measured 

by t h e  MIT Faraday cup experiment showed a marked enhancement i n  t h e  

magnetosheath r e l a t i v e  t o  e i t h e r  the  magnetosphere or  i n t e r p l a n e t a r y  

space .  The agreement between GSFC magnetic f i e l d  and MIT plasma shock 

p o s i t i o n s  w a s  p a r t i c u l a r l y  good when comparisons were made on t h e  

f i n e s t  t i m e  s c a l e  p o s s i b l e ,  t h a t  i s  5-80 seconds depending upon r e l a t i v e  

p o s i t i o n  i n  t h e  t e l eme t ry  format of t h e  shock c r o s s i n g .  

I d e n t i f i c a t i o n s  of t h e  magnetopause by t h e  t h r e e  experiments were 

i n  good agreement on most passes  but t h e r e  were some i n t e r e s t i n g  excep- 

t i o n s .  On some occasions t h e r e  w a s  evidence f o r  enhanced plasma 

d e t e c t o r  c u r r e n t s  i n s i d e  t h e  magnetopause as  i d e n t i f i e d  by t h e  magnetic 

f i e l d  measurements, Th i s  sugges t s  d i r e c t  e n t r y  of s o l a r  wind plasma 

i n t o  t h e  magnetosphere which could s e r v e  as a source of t rapped p a r t i c l e  

r a d i a t i o n .  On s e v e r a l  passes  through t h e  magnetopause t h e r e  w a s  an  
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absence of e i t h e r  a magnitude or ang le  d i s c o n t i n u i t y  i n  t h e  magnetic 

f i e l d  da t a .  Th i s  circumstance was i n v a r i a b l y  accompanied by a gradual  

change i n  plasma c u r r e n t s  from h igh  magnetosheath values  t o  low mag- 

netosphere va lues  r a t h e r  t h a n  t h e  t y p i c a l  s h a r p  d i s c o n t i n u i t y .  C l e a r l y  

one p r e r e q u i s i t e  t o  having t h i s  conditiori  i s  t h a t  magnetic f i e l d s  i n  

t h e  magnetosheath be a l igned  p a r a l l e l  t o  t h e  magnetosphere f i e l d s  i n  

o rde r  not t o  have an  ang le  d i s c o n t i n u i t y .  Except f o r  p a r a l l e l  f i e l d s ,  

o t h e r  circumstances necessary t o  produce t h i s  c o n d i t i o n  have not y e t  

been discerned.  

Often f i e l d s  w i t h i n  t h e  magnetosheath a r e  r e l a t i v e l y  cons t an t  i n  

d i r e c t  i on  and magnitude wh i l e  a t  o the r  t imes  t h e  f i e l d s  e x h i b i t  important 

f l u c t u a t i o n s  wi th  pe r iods  of f r a c t i o n s  of a second t o  minutes.  On 

occasion t h e  magnetosheath f i e l d s  r a p i d l y  change from very d i s t u r b e d  

t o  very qu ie t  cond i t ions .  No s p a t i a l  v a r i a t i o n s  a r e  r e a d i l y  apparent  

o t h e r  than a tendency of t h e  more q u i e t  f i e l d s  t o  occur f u r t h e r  from 

t h e  subsolar  p o i n t .  The c h a r a c t e r  of t h e  magnetosheath f i e l d  m u s t  be 

dependent on i n t e r p l a n e t a r y  cond i t ions  which may change t h e  n a t u r e  of 

t h e  i n t e r a c t i o n  a t  or  i n s i d e  t h e  shock. 

Magnetic f i e l d  f l u c t u a t i o n s  i n  t h e  magnetosphere a re  p a r t i c u l a r l y  

ev iden t  near t h e  subso la r  po in t  i n  t h e  r e g i o n  where t r apped  and q u a s i -  

t r apped  p a r t i c l e s  sre  found. Nearer t h e  dawn meridian f l u c t u a t i o n s  

wi th  per iods of seconds are  of dec reas ing  importance and most of t h e  

energy i s  a s s o c i a t e d  wi th  f l u c t u a t i o n s  w i t h  p e r i o d s  of minutes.  The 

r e g i o n s  of t h e  magnetic t a i l  i n  t h e  midnight hemisphere a r e  o f t e n  devoid 

of any f l u c t u a t i o n s ,  p a r t i c u l a r l y  away from t h e  s o l a r  magnetic equa to r .  

Nearer t h e  s o l a r  magnetic equator  waves wi th  p e r i o d s  of minutes a re  

o f t  en  apparent .  
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The average topology of t h e  geomagnetic f i e l d  has  been s tud ied  

by p l o t t i n g  hour ly  average vec to r s  i n  t h e  s o l a r  magnetic e q u a t o r a l  

p l ane  and i n  curved meridian su r faces  perpendicular  t o  t h i s  e q u a t o r i a l  

p l ane .  The e q u a t o r i a l  p l o t  i l l u s t r a t e s  how t h e  goemagnetic f i e l d  i s  

swept back towards t h e  t a i l  by t h e  s o l a r  wind. This  e f f e c t  i s  apparent  

even q u i t e  c l o s e  t o  t h e  subsolar  po in t .  Meridian s u r f a c e  p l o t s  

demonstrate  how t h e  f i e l d  l i n e s  begin d e v i a t i n g  from almost d i p o l e  

l i n e s  near t h e  dawn meridian i n  a manner which gradual ly  i n c r e a s e s  

u n t i l  t h e  f i e l d s  a re  d i r e c t e d  p r imar i ly  i n  t h e  s o l a r  o r  a n t i - s o l a r  

d i r e c t i o n  i n  t h e  no r the rn  o r  southern hemisphere near midnight .  The 

f i e l d s  a r e  found t o  be d i r e c t e d  predominantly p a r a l l e l  t o  t h e  s o l a r  

magnet ic  e q u a t o r i a l  p lane  and i n  a r a d i a l  d i r e c t i o n  near  t h e  midnight 

mer id ian  as c l o s e  t o  t h e  e a r t h  a s  9 R E .  The small  r a d i u s  of cu rva tu re  

f o r  f i e l d  l i n e s  c ros s ing  t h e  e q u a t o r i a l  p lane  a t  t h e s e  d i s t a n c e s  seems 

c e r t a i n  t o  be a l i m i t i n g  f a c t o r  i n  t h e  t r a p p i n g  of p a r t i c l e s  i n  du rab le  

360 longi tude  d r i f t  o r b i t s .  
0 

The e f f e c t  of t h e  s o l a r  wind d i r e c t i o n  i n  c o n t r o l l i n g  t h e  p o s i t i o n  

of t h e  inner  edge of t h e  n e u t r a l  sheet  has  a l s o  been s tud ied  wi th  t h e  

IMP 2 measurements. Far  from t h e  e a r t h  t h e  s o l a r  wind d i r e c t i o n  con- 

t r o l s  t h e  average p o s i t i o n  of t h e  n e u t r a l  shee t  (Speiser  and Ness 1966) 

whereas near t h e  e a r t h ,  t h e  geomagnetic d i p o l e  predominates and f i e l d  

l i n e s  have a r a i d a l  component away from t h e  e a r t h  above t h e  magnetic 

e q u a t o r i a l  p lane .  IMP 2 measurements c l e a r l y  show t h a t  when t h e  sun i s  

a t  a southern ly  magnetic l a t i t u d e ,  t h e  s o l a r  wind f o r c e s  t h i s  r e g i o n  

of r a d i a l  component r e v e r s a l  above t h e  s o l a r  magnetic equator  whereas 



when the SUI: i s  a t  a p o s i t i v e  magnetic l a t i t u d e  t h e  r e v e r s e  i s  t r u c .  

There appears  t o  be a suiooth t r a n s i t i o n  from coniplete c o n t r o l  of  t h e  

r a d i a l  f i e l d  componLct r e v e r s a l  by t h e  s o l h r  wind f a r  from the  e a r t h  

to complete c o n t r o l  by t h e  d i p o l e  m a r  the ezz th .  

pass i n  a storia t h e  region of  r e v e r s a l  xils parcicuia:ly c l e a r  a t  a 

p o s i t i o n  1.6 XE above t h e  s o l a r  magnetic eqaatoricl plaiie a t  a 

r a d i a l  d i s t a n c e  of 1 2  RE when the sun was i 4 O  bcluw t h c  magnetic 

equator .  

Durink one 
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f r u i t f u l  d i scuss ions  and d a t a  comGarisbns -..iith D r  . Joseph Binsack 

of MIT . 
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FIGURE CAPTIONS 

FIGURE 1 P r o j e c t i o n  of t h e  IMP 2 o r b i t  on t h e  s o l a r  e c l i p t i c  plane 
at v a r i o u s  t i m e s  throughout the s a t e l l i t e  l i f e t i m e .  Three 
i n t e r v a l s  are shown when a favorable  s p i n  ax i s - sun  angle  
permit ted continuous ope ra t ion  of t he  s p a c e c r a f t .  

FIGURE 2 Represen ta t ive  s p i n  modulated raw d a t a  curves  and b e s t  f i t  
b h u s u i i s  determined by l e a s t  squares  procedures.  

FIGURE 3 IMP 2 O r b i t  4 magnetic f i e l d  and p lasma c u r r e n t  d a t a ( h e g a t i v e )  on 
October 8 - 9 ,  1964 i l l u s t r a t i n g  obse iva t ions  of t h e  
magnetosphere, t h e  magnetopause, t h e  magnetosheath and 
i n t e r p l a n e t a r y  space. 
between 0030-0130 probably r ep resen t s  t h e  magnetosheath 
and thus  n o t i o n  outward of the bow shock wave. 

The high f i e l d  r eg ion  beyond 15 RE 

PIGUPE 4 IMP 2 O r b i t  22 magnetic f i e l d  and plasma c u r r e n t  d a t a  on 
November 3-4, 1964. C l e a r l y  evident  i s  t h ?  m l t i p l e  
c ros s ing  of t h e  bow shock wave wh i l e  t h e  s a t e l l i t e  w a s  near  
apogee and thus  almost s t a t i o n a r y .  

FIGURE 5 I n d i v i d u a l  magnetic f i e l d  magnitude measurements and RNS 
d e v i a t i o n s  a t  20.5 second i n t e r v a l s  i l l u s t r a t i n g  motion 
of t h e  shock. T h i s  i s  an expanded d a t a  and time s c a l e  
p r e s e n t a t i o n  of t h e  m u l t i p l e  shock c ross ings  shown i n  
Figure 4 .  

FIGURE 6 I n d i v i d u a l  20.5 second magnetic f i e l d  v e c t o r  measurements and 
t h e o r e t i c a l  f i e l d s  i n  s o l a r  magnetic coord ina te s  i l l u s t r a t i n g  
motion of t h e  magnetopause as observed by I IW 2. 

FIGURE 7 1I.P 2 o r b i t  19  magnetic f i e l d  da:& rJn October 30-31, 1964 
i l l u s t r a t i n g  c l e a r  and we11 deEined magnetopause and shock c ross ings .  

FIGURE 8 IMP 2 o r b i t  8 magnetic f i e l d  and plasma c u r r e n t  d a t a  on 
October 14-15, 1954 i l l u s t r a t i n g  a d i f f u s e  o r  poorly def ined 
magnetopause between 1200-1500 on t h e  outbound o r b i t .  

FIGUiE 9 P r e s e n t a t i o n  of t h e  IYk  2 t r a j e c t o r y  i n  t h e  e c l i p t i c  plane 
f o r  i n t e r v a l s  when t h e  spacec ra f t  i s  w i t h i n  t h e  magnetosheath. 
S a t e l l i t e  p o s i t i o n s  havc been converted to the s o l a r  
e c l i p t i c  ;ii p lane  by r u t a t i o n  i n  a u e r i d i a n  plane. Average 
inagnctopousc zcd -:;ocL- ,)ositionn hzvc b c r n  skctrhecl i n  TTith 
a dashed l i n c .  ' 2 5 ~  Ll-lILi'L..JSL o'scrvPtion of t h c  mzgncto2ausc 
occarrcd a t  e.? 2.- c ' ~ '  tlic mtcr .dos t  obsc rva t ion  l i i t h i n  
fn5@ of rhc  - F r t h  sun  I j ? c  - 'as a t  14 . O  ZE. L 



FICL'KE 10 Q;Y 2 i n t e i -p l ane t s ry  inagnetic f i e l d  1,iagnitude J i s t c i t u t i o n .  

YICZIKE 11 Sample o i  t h e  subd iv i s ion  i u t o  96 equal  s o l i d  angle  
p o r t i o n s  of t h e  s o l a r  e c l i p t i c  sphere as show11 p r c j e c t e d  
on a plane'. Valuei, i n d i c a t e  nunher ol: i n t e r p l a n e t a r y  
f i e  i d  me asu r elm n t s o c cur  r ing wit i i i  11 c ac h i n  t e rv a1 dur  irig 
the f i r s t  s e c t o r  observed by I%U' 2 .  

kT(;UKE 12 Contours O €  equal  f i e l d  Occurreilce F r o b a b i l i t y  f o r  
8 IMP 2 i n t e r p l a n e t a r y  s e c t o r s .  Data hl.s >:en normalized 
so t h a t  1 des igna te s  i s u t r o p i c  d i s t r i b u t i o n .  V e r t i c a l  
dashed l i n e s  i n d i c a t e  t h e o r e t i c a l  s p i r a l  ang le s  of 135O 
and 315'. 

FICUXE 13 Kp diagrams wi th  I1.P 2 arid PIariner 4 s e c t o r s  superposed. 
Average I W  1 s e c t o r s  a r e  included a t  t h e  toy of t h e  f i g u r e .  

FIGUKE 14 D i s t r i b u t i o n  of geomagnetic a c t i v i t y  w i t h i n  a s e c t o r .  

P I G U U  15 Average i n t e r p l a n e t a r y  and m g n e t o s h e a t h  f i e l d  magnitude 
p l o t t e d  at t h e  average 8 angle  f o r  each of t h e  IPIP 2 s e c t o r s .  
Average s o l a r  e c l i p t i c  8 angles  a r e  a l l  less t han  160. 

FIGURE 16 P r o j e c t i o n  of hourly average magnetosphere f i e l d s  on t h e  
s o l a r  magnetic e q u a t o r i a l  plane.  Dashed l i n e s  i n d i c a t e  
t h e  i n t e r s e c t i o n  of hypo the t i ca l  meridian s u r f a c e s  which 
approximately c o n t a i n  d i s t o r t e d  d i p o l e  f i e l d  l ines .  

FIGU?,E 1 7  The curved meridian planes a r e  shown whose i n t e r s e c t i o n s  
wi th  t h e  s o l a r  magnetic e q u a t o r i a l  plane were def ined i n  
f i g u r e  16. The hourly average magnetic f i e l d  magnitude is 
p l o t t e d  a t  t h e  angle  t h e  f i e l d  make:; w i th  t h e  s o l a r  magnetic 
e q u a t o r i a l  plane.  
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